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Many innovational heating technologies with advantages involving microwave, have been appeared and spread 
widely for both domestic and industrial usage in last tens of years. Now, recipes for microwave cooking could be 
found in lots of books, although most of them were written merely with experiences. Microwave cooking is affected 
by various factors and may result in problems including non-uniform heating. Thus attentions have been paid on 
studying these factors while modeling of temperature distribution tends to be the best method for investigation.  
Theories have been proposed for predicting temperatures of samples during microwave heating since 40 years ago, 
and only simple models based on Lambert’s law, Maxwell equations or similar formulation in one or two-
dimensions have been developed due to the complexity of the estimation. The three-dimensional estimations 
coupling electromagnetic and heat transfer analysis are growing recently with the development of computer 
technology. Nevertheless, most of them occupied simplifications. First, dielectric and thermo-physical properties 
were usually considered as constant, and simple pure materials like agar gel or mashed potato were basically used 
instead of real food in investigation. Secondly, the temperatures were estimated within one phase, only liquid or 
solid, whereas the distributions of electric field outside sample were assumed homogeneously neglecting conditions 
like container, turntable and the oven. Thirdly, sample’s movement during processing like rotation which is designed 
to improve uniform heating was not concerned. A model should include all the real features as possible to provide 
the practical directions to people who are considering the effort of improving microwave heating in their research or 
production designing. 
In addition, most of the publications are based on self-developed software codes or programs and lack the comfort 
of user friendliness, technical support and extensive manuals. Furthermore, description or optimization of the 
parameters used in model could not be found in most studies while the analysis of electromagnetic field and heat 
transfer are directly or indirectly affected by them. The large amount of computational time cost in calculating has 
also confused the researchers, which requires more critical discussions. 
Fish, which is a kind of protein source, contribute significantly to our health, occupied high percent of the raw 
materials employed in recipes for microwave cooking introduced in magazines and books. Numerous studies have 
been done on microwave cooking fish, but barely on the effect of the processing method on chemical or physical 
changings of fish. Actually, temperature is one of the key points responsible for food’s chemical and physical 
changings, and biological degradation during cooking. A clearly temperature prediction is necessary for sufficient 
understanding of the cooking process and accessing a proper product designing. 
The present study aimed to simulate and investigate one of the fish cooking process called fish boiling which has 
been popular in Japan and USA for hundreds of years using salted water or Court bouillon as a medium to cook. A 
 mathematical model was developed to predict the temperatures of fish and salted water during cooking, as well as 
critical discussions on the problems of modeling that were indicated above were carried out during model developing.  
In Chapter 2, we investigated the dielectric properties of fish flesh samples, which are one of the most important 
parameters in microwave heating and prediction. The dielectric properties of three kinds of fish commonly 
consumed, red sea bream (Pagrus major), yellowtail (Seriola quinqueradiata), Atlantic salmon (Salmo salar), were 
measured. Since the microwave is used not only for heating but also reheating, changes in the dielectric properties of 
fish of both raw and preheated samples at two selected frequencies as a function of temperature were described by 
second order polynomial equations. The influences of frequency, temperature, moisture content, protein denaturation, 
and heat treatment on dielectric properties were examined and the result of which demonstrated that moisture content 
was the most important factor affecting the dielectric properties of fish flesh while changes in protein structure 
during protein denaturation have no direct effect. The dielectric constant of the raw samples decreased more sharply 
with increasing temperature than that of the preheated samples due to moisture loss during heating, and moisture loss 
showed a greater effect on the dielectric constant than on the loss factor.  
In Chapter 3, with considering the continuous rotation of the turntable during microwave heating, a three-
dimensional computer model based on FEM was successfully developed to predict time-dependent temperatures 
distributions of food sample. The slide interface between rotating and stationary part were specially assigned and 
treated, as the disconnections of the nodes occur during rotating which may cause the electromagnetic analysis result 
in error. On this basis, temperature was estimated by coupling electromagnetic and heat transfer analysis, whereas 
the node coordinate and dielectric properties of sample were updated with time steps, and the heat generations were 
renewed according to these parameters.  
Different methods in this study were proposed and discussed in view of sample’s shape and dielectric properties to 
approximate the rotation and simulate the temperature. These methods were then respectively optimized to achieve 
the minimum computational time and were experimentally validated by comparing with temperature distributions 
captured by an infrared thermal camera where result of prediction were found to match the experimental one well. 
The modeling of boiling fish by microwave heating was finally represented in Chapter 4, using the Atlantic 
salmon in salted water as the example. After adjusting the heat transfer coefficient of the water solution according to 
microwave’s heating characteristic, temperatures of fish sample during cooking were theoretically predicted with 
optimized computational time, and good agreements could be found between simulations and experiments. The cold 
spot in fish sample has been investigated and controlled above 60 °C to inactivate protein-digesting enzymes and 
prevent out health from infections of general bacteria and parasites. In this study, fish was found to be cooked by 
exchanging heat with water as the same as conventional cooking did due to the special cooking way that contains 
water solution in which the penetration depth of microwave is too low to reach the fish. The samples here resulted in 
a relatively uniform heating although microwave was used as the heating source. 
In conclusion, we successfully developed a model based on the finite element method with the new simulation 
approach and optimized computational time to predict time-dependent temperatures during microwave processing. 
On this basis, future studies on predictions of fish sample’s color changing, protein denaturation during processing 
are considered to be possibly carried out. This work also provided the new idea of computational modeling and 
showed the potential of application in product designing or assistance of processing improvement. 
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General Introduction 
Presentation of the problem 
Microwave, as one of the new heating technologies, which is famous for fast heating 
speed, convenience, energy and space savings has spread widely over the world in the past tens 
of years for both domestic and industrial use. Microwave could be used directly or combined 
with other newest technologies for various cooking, such as baking, boiling and grilling. 
Recipes for microwave cooking could also be found in a lot of books or magazines, but most of 
them were written merely with experiences. 
Microwave cooking is affected by lots of factors and may result in non-uniform 
temperature, soggy texture, or safety hazards caused by overheating due to its selective heating 
characteristic which we called dielectric heating. Attentions have been paid on studying these 
factors, and modeling of temperature during microwave heating tends to be one the best 
methods for this type of investigation to provide the directions to people who are considering 
the effort of improving microwave heating, or supply a convenient way to verify their tentative 
ideas in research or during production designing, although it is complex work. 
Theories and models have been proposed for predicting temperatures of samples during 
microwave heating since 40 years ago, while most of them were based on Lambert’s law, 
Maxwell equations or similar formulation with only one or two-dimensions due to the 
complexity of the estimation and the lack of powerful computers. Recently, a growing number 
of papers described the simulations by coupling electromagnetic field and thermal model with 
three-dimensional analysis as the development of computer technology is getting faster.  
However, most of them occupied further simplifications. First, dielectric and thermo-
physical properties were considered constantly in simulations. Secondly, only simple pure 
material like agar gel or potato were used and investigated instead of real food and the 
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temperatures were estimated within only one phase, just liquid or solid. Thirdly, distributions of 
electric field were outside sample were assumed homogeneously without considering the effect 
of conditions like container, turntable, air and the oven. Fourth, the rotation of sample with 
turntable during heating which is designed to improve the problems of non-uniform heating was 
not concerned. Consequently, a model should include all the features as the real experimental 
processing condition as possible rather than considering the food sample simply located inside a 
homogeneous electromagnetic field. 
In addition, most of the publications mentioned above are based on self-developed 
software codes and lack the comfort of user friendliness, full support by software vendors and 
extensive manuals. Thus they are predominantly useful for the developers in their own 
academic research rather than being suitable for industrial use.  
Furthermore, most of the microwave modeling research did not focus on optimizing the 
simulation parameters and describe the selection of the model parameters. Solving the 
electromagnetic equations require proper values of electromagnetic parameters such as 
frequency and electric field strength. It is critical to develop a computer model that reduces 
susceptibility to numerical errors arising from poor discretization in estimation. Factors 
including mesh size and shape in geometric model, time steps and iterations setting in 
simulation approach are directly or indirectly affect the analysis of electromagnetic field and 
heat transfer, studies on geometric model building and analysis procedure should be continued.  
Also, the large amount of computational time that cost in calculating has caused 
researchers headaches. More discussions should be drawn on optimization of the calculations 
with a minimum computational time but satisfy accuracy by comparing different simulating 
methods. 
Yet, the development of modeling of microwave processing has a long way to go.  
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Objectives of the study 
Fishes occupied a great amount of the raw materials employed by recipes of microwave 
cooking introduced in magazines and books, for it is the healthy food and a kind of protein 
source which can contribute significantly to our long-term health. Numerous studies on 
microwave cooking fish have been done, but mainly focused on the effect of the processing 
method on the chemical and physical changes of fish like color, texture and fatty acids instead 
of temperature investigation.  
Actually, temperature is one of the key points responsible for most of the chemical 
reactions, physical changings and biological degradation inside food materials during cooking. 
A clearly temperature prediction during microwave cooking is also necessary to help us in 
sufficient understanding of cooking process and access a proper process design. 
Among the recipes mentioned in microwave cooking books, one of the fish cooking 
methods called fish boiling is very popular in Japan and in areas of Port Washington and along 
the Coastal Upper Great Lakes with large Scandinavian populations like Door County and Port 
Wing in Wisconsin state, where people usually use water with sodium chloride or Court 
bouillon as a medium to boil fish using conventional heating source since hundreds of years ago.  
It was supposed to be much more convenient to use microwave to boil fish with good tasting 
and flavor as microwave uses the energy of electricity which is available in nearly every house 
of the modern city.  
The present study aims to investigate this kind of cooking process (fish boiling) where 
microwave was used as a heating source and develop a mathematical model for simulating the 
temperature distributions of the fish and water solution during heating. The Atlantic salmon 
(salmon salar) was used as the sample and was boiled in salted water solution in the study, 
while variety of problems of modeling that were indicated above have been discussed during 
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model developing. On the basis of temperature prediction, studies could be continued on 
investigating and predicting the changings of fish materials during thermal processing such as 
color, protein denaturation, pasteurization and sterilization which are mainly caused or affected 
by temperature. 
In Chapter 2, we investigated the dielectric properties of fish flesh samples, which are 
one of the most important parameters in microwave heating and the necessary parameters for 
temperature predicting.  
The dielectric properties of three kinds of fish commonly consumed in Japan, red sea 
bream (Pagrus major), yellowtail (Seriola quinqueradiata), Atlantic salmon (Salmo salar), 
were measured from 10°C to 90°C, at 10°C intervals. Both raw and preheated samples were 
investigated since the microwave is used not only for heating but also for reheating. 
The influences of frequency, temperature, moisture content, lipid content, protein 
denaturation, and heat treatment on dielectric properties were examined. And, Lichtenecker’s 
formula was applied to estimate the dielectric properties of raw fish flesh from preheated one 
which was compared with experimental data to investigate the influence of protein denaturation.  
In Chapter 3, a three-dimensional computer model based on FEM was developed to 
predict time-dependent temperature distributions of food sample during microwave heating 
with considering the continuous rotation of the turntable. We settled the difficulty of rotating a 
rectangular sample in the geometric model, and resolved the error of the electromagnetic 
analysis which caused by disconnections of the nodes between elements during rotating. On this 
basis, temperature was estimated by coupling electromagnetic and heat transfer analysis, 
whereas the node coordinate and dielectric properties of sample were updated with time steps, 
and the heat generations were renewed according to these parameters.  
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In this chapter, factors including mesh size, interface assignment in geometric model, 
iterations setting, time steps and electric field strength in simulation approach which are directly 
or indirectly affect the analysis of electromagnetic field and heat transfer were discussed during 
geometric model building. Different methods for approximating the rotation and simulating the 
temperature were proposed and discussed in view of sample’s shape and dielectric properties. 
These methods were all optimized to achieve the minimum computational time and were 
experimentally validated by comparing with temperature distributions captured by an infrared 
thermal camera. 
Chapter 4 represented the modeling of boiling Atlantic salmon (salmon salar) in salted 
water solution using microwave as a heating source.  
The heat transfer coefficients of the water solution used for predicting temperatures in 
microwave heating with free convection was investigated and adjusted according to experiment 
conditions.  
Temperatures of fish sample and water solution during cooking were then analyzed and 
predicted theoretically based on analysis of electromagnetic field and heat transfer with the 
optimization of computational time.  
The simulated results were verified by comparing with experimental temperature 
histories measured by optical fiber sensor and temperature distributions captured by an infrared 
thermal camera.  
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Chapter 1                     
 Literature Review  
1.1 Microwave cooking and processing 
1.1.1 History and heating mechanism of microwave 
Cooking provide people the opportunity to enjoy delicious food, and had been 
developing its own body of practical knowledge for thousands of years. In conventional thermal 
food cooking and processing, energy is transferred to the material through convection, 
conduction, and radiation of heat from the surfaces of the material (Thostenson and Chou, 
1999). Science made the cooking more interesting and efficiently (Mcgee, 2004), while 
microwave, which was started to be used as a heating sauce in 1946, offered us the new 
efficient cooking way (Anonymous, 1946).  
Microwave cooking is neither dry nor a moist cooking technique but electromagnetic, 
for microwave is a kind of electromagnetic wave at frequencies between 300MHz and 300GHz 
(wavelengths between 1 m and 1 mm), as given in Fig. 1-1 (Shibata, 2004). As most food 
products contain water and varying amounts of dissolved salts such as sodium, potassium, and 
calm chlorides, the dipolar and ionic interactions in food material take place when irradiated 
under microwave, as shown in Fig. 1-2 (Buffler, 1992). Thus, collisions between particles of 
different charges or electrically asymmetrical water molecules occur with the billion times’ 
alternative electromagnetic field, and lead to temperature increasing (Buffler, 1992).  
Usually, a microwave cooking or processing system was consisted of some parts 
including magnetron, waveguide and oven cavity as shown in Fig. 1-3 (Buffler, 1992). 
Microwave was generated from magnetron and transmits inside a waveguide into the cavity 
where the food was located. The product and process development for microwave cooking and 
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processing started off as a trial-and-error procedure since the microwave processing system for 
food was invented just before 1940 (Stel and Witsenburg, 1950). 
1.1.2 Advantages and disadvantages of microwave heating and processing 
Nowadays, microwave has been used as a common cooking and processing method all 
over the world. Microwave cooking and processing has a number of quantitative and 
quantitative advantages over conventional heating techniques. One main advantage is the place 
where the heat is generated, namely the food itself. Because of this, the effects of small heat 
conductivities or heat transfer coefficients do not play such an important role (Regier and 
Schubert, 2001). Therefore, larger pieces can be heated in a shorter time and with a more even 
temperature distribution. And, energy of microwave is converted almost entirely to the useful 
heat where it is needed (Decareau, 1985). The practically instantaneous start-up and rapid 
heating mean energy and space savings, increased production, convenience, reduced noise and 
reduced labor. These merits showed the reason for being adopted in food industry and why over 
90 % of homes in the US and Canada use domestic microwave ovens for daily cooking and 
reheating (Orsat et al., 2005).  
Due to its selective and volumetric heating effect, microwaves bring a lot of new 
avenues to various bioprocessing techniques such as thawing (Temperaing) (Taher and Farid, 
2001), (freeze-) drying (Beaudry et al., 2003), dehydration, blanching (Ramesh et al., 2002), 
baking (Keskin, 2004) and sterilization (Zhang et al., 2004).  Over the years, microwave 
processing has demonstrated advantages over traditional processing besides heating speed and 
convenience in numerous researches. Meisel (1972) estimated microwave tempering cost and 
suggested some potential applications of microwave thawing and tempering. He found the meat 
thawed by microwave provided quality similar to fresh meat, and could be finished within a 
short time. In Russo’s study (Russo, 1971), microwave baked doughnuts reached higher 
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volumes in a shorter frying time and had longer shelf life, better sugar stability and excellent 
eating quality. Other interesting results for instance, reduced nutrient losses (Begum and 
Brewer, 2001; Brewer and Begum, 2003) and the unusual effectiveness of dissolving collagen 
into gelatin properly revealed the potential of applying microwave for cooking or processing 
(Mcgee, 2004). 
Microwave cooking or processing characteristics of foods are related to lots of factors, 
and nevertheless, disadvantage of microwave processing also exist. Microwave cooking is very 
fast but it also tends to result in greater fluid loss than conventional means (Maranesi et al., 
2005). After microwave reheating, deep-fried foods showed soggy textures due to the moisture 
migration (Higo, 2005). And, problems as non-uniform heating, thermal runaway, inadequate 
microbial destruction and the safety hazards caused by overheating while using microwave for 
cooking and processing have drawn numerous studies on these topics in the past decades (Zhou 
et al., 1995).  
1.1.3 Factors affecting microwave heating and efforts been done for improving 
microwave heating 
Investigations on foods’ dielectric properties, physical properties and other factors that 
affect microwave cooking or processing had been expanded (Venkatesh and Raghavan, 2005).  
Dielectric properties were critically regarded as the necessary knowledge in product and 
process development and, especially, in the modern design of dielectric heating systems to meet 
desired process equipment (Tang, 2005). Dielectric properties of various foods were measured 
at different frequencies, temperatures, and moisture contents. A generally rapid decrease of 
dielectric properties was observed with decreasing moisture content to a critical moisture level 
(Metaxas and Meredith, 1983).  
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Effect of initial temperatures, continuous use of oven cavities, microwave power, food 
locations and variability in foods on microwave heating have been studied, and sample with 
higher initial temperature was observed to be heated more uniformly (Swain et al., 1994, 1995, 
1998 and 2008; Pedreño-Molina, et al., 2007).  
The focusing effect of microwave was investigated and demonstrated by applying 
different geometries of food for heating (Ohlsson and Risman, 1978; Curet et al., 2009), and 
physical properties of food was found to be the most important factors that affect the 
concentration of the power of microwave (Zhang and Datta, 2005).  
Efforts have also been tried to improve the uniformity of microwave heating notably, for 
it is the culprit that causes other problems during processing (Basak and Meenakshi, 2006). 
Methods such as rotating waveguide or moving food in the cavity (Pedreño-Molina et al., 2007), 
using variable frequencies of microwave (Bows, 1999), adding a mode-stirrer near wave guide 
(Plaza-Gonzalez et al., 2004), modifying foods’ chemical properties and geometries (Fig. 1-4) 
(Ryynänen and Ohlsson, 1996; Sakai et al., 2005; Koskiniemi et al., 2011), or combining 
microwave with other heating techniques like infrared, convection, ohmic or jet-impingement 
for food processing were explored for achieving better heating (Geedipalli et al., 2008; Choi et 
al., 2011). However, the understanding of the microwave heating process is still somewhat 
empirical and speculative due to its highly nonlinear character (Vriezinga et al., 2002) and the 
complex interactions with food. 
Consequently, theoretical analysis of microwave cooking or processing were suggested 
and proved to be one of the best ways for understanding the process in detail though it is a 
complicated work (Bhattacharya, 2006b). 
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1.2 Modeling of microwave cooking and processing 
Nowadays, in order to design thermal process operations, the knowledge about the 
temperature distribution during treatment inside a processing unit is required. This is necessary 
both for process design, scale-up and specification and for governmental regulators to approve 
the process (Knoerzer, 2008). Modeling can be a helpful tool in meeting these requirements. 
Microwave heating resulted from coupling of electrical energy from an electromagnetic 
field in a microwave cavity and its dissipation within the foods. This results in instantaneous 
temperature rise within the product in contrast with conventional heating processes that transfer 
energy from the surface with long thermal time constants and slow heat penetration. However, 
complex interactions of microwave with food lead the modeling to a complicated work as 
mentioned before. 
1.2.1 Early works  
Modeling of microwave processing has been continued on studying for more than 40 
years (Ohlsson and Bengtsson, 1971). Volumetric power absorption and temperature rise in 
microwave heating have been generally described by equations by Goldblith (1967) as given in 
Eq. (1-1) and Eq. (1-2). Where, p  is the absorbed power,   is angular frequency, 0  is 
dielectric constant of free space, E  is electric field intensity, " is the dielectric loss factor. T is 
the heating temperature, ρ and Cp is density and specific heat of food. 
"20  Ep   (1-1) 
PCPddT  32.14  (1-2) 
These equations accurately describe volumetric heating effects, but are difficult to 
employ in the analysis of microwave food processes for several reasons.  
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Power absorption and field intensity within food products vary with depth from the 
surface under conditions, which are continuously changing with temperature during the course 
of irradiation, according to the changing of dielectric loss factor. Finally, heat generated within 
the product by coupling of electrical energy from the field is subject to conventional 
mechanisms of heat transfer by internal conduction, surface convection, and moisture 
evaporation, mediated by thermal and transport properties of the food. These physical 
properties also depend on temperature, although to a lesser extent than foods’ electrical 
properties, and thus vary with time during the heating period.  
Therefore, much of the early works were for the absorbed microwave power (Chen et al., 
1993). And, most of them were based on Lambert’s law or similar formulation due to the lack 
of powerful computers.  
1.2.1.1 Lambert’s law 
Modeling the heat generation (absorbed power) during microwave heating is the key 
problem. By assumption of an exponential decay as a function of the penetration depth of the 
microwave inside the product, simulating heat generations with Lambert’s law does not require 
the calculation of the complex electromagnetic field inside the heated material. And, it is also 
applied in some studies recently.  
Ni (1999) used the Lambert's law and studied the moisture transport in microwave 
heating of biomaterials. Romano (2005) used this kind of method to analyze the effect of 
dimensions during the heating of cylinders. Literature reported several studies in 1D 
configurations (Chamchong and Datta, 1999; Oliveira and Franca, 2002) and for high dielectric 
materials (Ayappa, 1991; Fu and Metaxas, 1992; Basak, 2004) using Lambert's law. 
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1.2.1.2 Maxwell’s equations 
Certainly, the Maxwell's equations have also been attempted to be solved for predicting 
the electromagnetic field to deduce a heat source term. The governing equations of Maxwell's 
equations, and the equations describing the interaction of microwaves with different materials, 
the constitutive relations, have been described in detail in publications (Regier & Schubert, 
2001; Regier & Schubert, 2005). They described the example of the wave solutions for the 
simple one-dimensional plane wave. The resulted exponentially damped wave within a material 
with dielectric losses has often been used for the three-dimensional case to estimate the power 
distribution within products. Rattanadecho et al. (2002) proposes a 2D mathematical model for 
the heating of a liquid layer with time-dependent dielectric properties in a rectangular wave 
guide. Dincov et al. (2004) solves the Maxwell's equations to study the evolution of both 
temperature and moisture fields during microwave heating of potato blocks. Vegh and Turner 
(2006) compare the numerical solutions with analytical results for case studies in rectangular 
wave guides. 
1.2.1.3 Comparisons between Lambert’s law and Maxwell’s equation 
Some authors proposed several comparisons between Lambert's law and Maxwell's 
equations (Basak, 2004; Taher and Farid, 2001). For cylindrical geometries, Lambert's law 
approach gives less accurate temperature distribution during microwave heating comparing to 
Maxwell's equations approach (Yang and Gunasekaran, 2004). Although calculations using 
Maxwell's equations are more rigorous, Lambert's law based approaches are less complicated 
and numerical results are close to experimental measurements under specific constraints (Liu et 
al., 2005). According to literature (Ayappa, 1991b), temperature profiles can be simulated with 
this approach for thick food samples to avoid the effect of wave reflection (Liu et al., 2005). 
However, the limit for which Lambert's law is valid is not clear and operating conditions have 
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to be defined precisely (Ayappa, 1991a). In the case of thin samples, i.e. much lower than the 
penetration depth, standing-wave configurations may appear due to reflection and transmission 
components inside the material. Here, Maxwell's equations are needed to be solved.  
1.2.2 Latest works 
1.2.2.1 Separated solutions 
With the development of computer technologies, more and more studies were based on 
solving Maxwell’s equations in modeling microwave processing to approach a simulation with 
better accuracy. And, commercial numerical software packages became available for solving 
these separated problems. Comparison of their potential for microwave heating has also been 
addressed (Yakovlev, 2001a; Yakovlev, 2001b; Komarov&Yakovlev, 2001). Some customized 
software codes are also described in literature. Most of them originated from the 
telecommunication area but were developed further for microwave heating applications. The 
discretizations of the partial differential equations or their corresponding integral equations 
together with the suitable boundary conditions on a calculation grid are common to all 
numerical techniques. 
In practice, the method of finite differences time domain (FDTD) and the finite element 
method (FEM) are most common. Lin (Lin et al., 1995) analyzed microwave heating of 
rectangular and cylinder solid food using a two-dimensional commercial finite element 
software. Also the method of finite volume time domain (FVTD), the method of moments 
(MOM), the transmission line matrix method (TLM), the boundary element method (BEM) and 
methods using optical ray tracing codes have been applied. Bhattacharya and Basak (2006a) 
have developed a theoretical background based on an innovative mono-dimensional analysis to 
predict the occurrence of resonances in relation to sample thickness. 
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For short burst of high microwave power densities, the heat transfer component of the 
equation can be neglected, since it is much slower than the microwave heat generation. The 
temperature rise in a defined volume is then directly proportional to the dissipated microwave 
power, which can be inferred from the effective electric field value and the dielectric loss factor. 
Some results using this approximation can be found (Fu and Metaxas, 1994; Liu and 
Bialkowski, 1994; Dibben and Metaxas, 1994). 
1.2.2.2 United simulations and problems 
Latest advances in computer technology also allow for predicting the multiplex 
electromagnetic field and coupling the governing partial differential equations of the 
interactions of electromagnetic field and heat, mass transfer together, and great progress has 
been made to describe the real process. A growing number of papers also describe the coupled 
electromagnetic field and thermal model. Examples including the heat conduction can be found 
in Zhao and Turner (2000), Sun and Xu (2007), and Zhu and Sandeep (2007). The movement of 
food (or cavity) during processing, the conditions of combination heating were also begin to be 
considered in the simulation recently (Chen et al., 2008). 
However, most of the above mentioned publications are based on self-developed 
software codes and lack the comfort of user friendliness, full support by software vendors and 
extensive manuals. Thus they are predominantly useful for the developers in their academic 
research rather than being suitable for industrial use (which does not mean that they are not 
used in industry).  
In addition, most of them occupy further simplifications. First, dielectric and thermo-
physical properties were considered constantly in simulations. Secondly, only simple pure 
material like agar gel or potato were used and investigated instead of real food and the 
temperatures were estimated within only one phase, just liquid or just solid. Thirdly, 
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distributions of electric field were barely assumed inside sample itself without considering the 
conditions outside like container, turntable, air and the oven. Fourth, the movement of sample 
with turntable such as rotation which is designed to improve the problems of uniform heating 
was not concerned.  
Yet, the development of modeling of microwave processing has a long way to go before 
all complex conditions during real processing such as complicated three-dimensional 
geometries of food and containers, or chemical and physical changings of food could be 
included in the simulation. Furthermore, the large amount of time that cost in calculating has 
caused researchers headaches. More discussions should be drawn on optimization of the 
calculations with a minimum computational time and satisfy accuracy. 
1.2.3 Validations 
Measuring temperatures in microwave heating applications is indispensable in order to 
prove the validity of the model and satisfy regulatory bodies. However, this is a very 
challenging task. The electromagnetic fields and temperature distributions are not easily 
measurable without changing them by the measurement procedure itself.  
A relatively old bibliography of different temperature indication methods in microwave 
ovens can be found in Ringle and Donaldson (1975). More up-to-date bibliographies can be 
found in Ohlsson and Bengtsson (2001) and Knoerzer, Regier, and Schubert (2005a). Fiber-
optic sensors and infrared thermal cameras are mostly used during or after the processing. 
Recently, Validations of the model which were performed using non-invasive magnetic 
resonance imaging (MRI) that allow for measuring temperature distributions during the running 
process in three dimensions come to a hot topic (Knoerzer et al., 2008). 
Chapter 1 Literature Review 
1-11 
 
1.3 Fish cooking and processing 
Fish has usually played an essential part among the most important foods for human 
since 40,000 years ago, and it is the only one that we still harvest in significant quantities from 
the wild, which is food from the earth’s other world, its vast water underworld (Mcgee, 2004). 
Fish in early times occupied an indispensable position as one of the most easily accessible 
sources of protein food. And in fact, fish is not only delicious protein source, but also rich in 
elements as Polyunsaturated fatty acid (PUFA), especially eicosapentaenoic (EPA) and 
docosahexaenoic (DHA) which have been widely recognized to be benefit for human health 
(Arts et al., 2001). In Japan, as fish are so healthy for Japanese people’s daily life nutrition, they 
value fish as the good strength that make them stay healthy and longevity. This belief lasted 
since centuries ago and still in great popular so far and likely to stay in their belief forever. 
On the other hand, fish is one of the sources of the broadest range of immediate health 
hazards, like bacteria, viruses and parasites that promoted the development of fish processing 
technology since the early Holocene (Bremner, 2003). 
1.3.1 Fish handling and primary processing 
Fish processing can be subdivided into fish handling, which is the preliminary 
processing of raw fish, and the manufacture of fish products. As soon as a fish is caught and 
dies, changes of various kinds begin to occur, leading in many instances to spoilage and 
deterioration. Thus preservation has been focused in the past centuries, while methods have 
been studied by investigating biological and physical factors, and have been applied in pre-
processing including: the control of temperature using ice, refrigeration or freezing; the control 
of water activity by drying, salting, smoking or freeze-drying; the chemical control of microbial 
loads by adding acids and oxygen deprivation, such as vacuum packing (Cutting, 1955). Most 
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subsequent processing operations are intended to prevent these changes or, more usually, to 
reduce the rate at which they proceed.  
Another natural subdivision is into primary processing involved in the filleting, skinning, 
and deboning of fresh fish for onward distribution to fresh fish retail and catering outlets, and 
the secondary processing that produces chilled, pasteurized, cooked and canned products for the 
retail and catering trades (Burgess et al., 1965; Kelman and Wignall, 1982; McLay, 1982). 
With the improvement of the techniques of fish handling and preservation, more and 
more topics have been turned to discuss the techniques of fish processing and cooking. 
1.3.2 Studies on fish cooking 
Fish like meats, could be cooked by baking, smoking, grilling, frying and boiling. A 
large numbers of studies have been done on investigating the effect of processing on quality of 
fish including color, texture, flavor, fatty acids, protein denaturation and heavy metal 
concentrations, and different processing methods has been compared (Kong et al., 2007; 
Rodriguez et al., 2008; Larsen et al., 2011).  
Oluwaniyi et al. (2010) found that roasting and boiling had more desirable effects on the 
amino acid content of fish than frying. Results in other literatures showed that the boiled trout 
appeared to be a more valuable fish for obtaining the officially recommended appropriate daily 
intake of EPA and DHA for humans than frying (Gladyshev et al., 2007). Ersoy et al. (2006) 
compared four cooking methods, who found the Cr concentrations in fired sample and Ni in 
raw fish were not detected. Proximate and fatty acid compositions in sardine have also been 
investigated between different cooking ways (Garcı́a-Arias et al., 2003). 
1.3.3 Fish cooking by microwave 
In addition to conventional heating method, advanced heating technologies nowadays 
including microwave, IH and steam heating are widely applied in industry processing and 
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domestic cooking, which also indicates the potential of the utilization of these new technologies 
for fish processing (Nakamura et al., 2011). 
Microwave has been tested in processing fish in several studies. A reduction of 
cyanobacterial toxins in muscle of fish after cooking by microwave and boiling have been 
observed and studied by Guzmán-Guillén et al. (2011). Ersoy et al. (2006) found the Pb 
concentrations of fried and microwaved sea bass fillets were significantly decreased than grilled 
and baked one. Chen et al. (2009) used microwave for frying, crust qualities of fish nuggets by 
microwave frying were compared with deep-fat frying while no significantly difference could 
be observed between the two frying methods on moisture content, oil content, texture and color.  
Growing recipes for cooking fish by microwave could also been found in lots of books 
or magazines although they were written merely by experiences without any analytical research 
(Smith, 1987; Whiteman, 1988).  
Consequently, in most of these studies that mentioned above, temperature is one of the 
key reasons for protein denaturation, moisture migration and other physical and chemical 
changings of fish during processing.  
1.3.4 Importance of temperature investigation during fish cooking 
It is well recognized that temperatures played an essential part in cooking. And, it 
should be notable that sometimes cooking operation for fish is extremely critical especially in 
industry and should be flexible according to the consistency of the material. For instance, it was 
pointed out that during steam cooking in a cooker as shown in Fig. 1-5, if the fish are 
incompletely cooked, satisfactory expression of water and admixed oil could not be obtained. If 
they are overcooked, the texture is too soft and mushy to permit ready straining of the 
expressed liquid through the fibers of tissues during processing (Burgess et al., 1965).  
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And in some fishes, protein-digesting enzymes could lead the flesh to an unpleasant, 
mushy texture unless be cooked quickly to an enzyme-killing temperate over 60 °C (Mcgee, 
2004). In some fishes, the lowest temperature is expected to be controlled above 60 °C to 
prevent infections of general bacteria and parasites. 
Moreover, it is well known that the composition and muscle structure (texture) within a 
fish flesh vary along the length and from the anterior to the tail (Wang et al., 2008). And, they 
vary considerably between species, and with size, gender, sexual maturity and fecundity, 
deeding conditions, time of year, water temperature, and salinity (Hatae et al., 1986; Hatae, 
1989), and the other factors like the freshness of the fish after storage and whether the fish is 
the cultured or wild one (Hatae et al., 1985; Hatae et al., 1988). These differences which may 
also have the effect on the temperatures of fish during cooking could lead the cooking into a 
completely different result beyond our imagination. 
To help us in sufficient understanding of fish cooking process, a clearly temperature 
prediction is necessary. Temperature prediction of thermal processing could provide theoretical 
basis for explaining phenomenon of heat and mass transfer, chemical reactions, physical 
changings and biological degradation. By comparing different simulation results, factors that 
affect the cooking procedure could be investigated more efficiently to access a better process 
designing. And, fish processing by microwave including thawing, cooking and reheating could 
be under a better controlling for assuring safety and sensory quality during manufacture. 
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1.5 Figures and tables 
 
Fig. 1-1. The electromagnetic frequency spectrum (Microwave frequency bands are specially sketched) 
(Shibata, 2004). 
 
Fig. 1-2. Microwave interactions of ionic and dipolar (Buffler, 1992). 
 
Fig. 1-3. The microwave oven (Buffler, 1992). (Courtesy of Amana Refrigeration, a Raytheon 
Company)  
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Fig. 1-4 Heating rates and final temperatures of two arrangements of meal (Ryynänen and Ohlsson, 
1996). 
 
Fig. 1-5 Cooker in a herring meal plant (Burgess et al., 1965). 
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Chapter 2                  
Dielectric Properties of Fish Flesh at Microwave Frequency 
2.1 Introduction 
Microwave heating is described by Maxwell’s equations, and the dielectric properties 
are the most important physical properties associated with microwave heating from an 
engineering viewpoint (Icier and Baysal, 2004; Sosa-Morales et al., 2010). Dielectric properties 
determine the interaction of electromagnetic energy with the materials (Tanaka et al., 2008), 
and provide a better understanding on the behavior of microwave heating (Mudgett, 1994; 
Ahmed et al., 2007b) in a selected frequency range. The dielectric constant (ߝᇱ) and dielectric 
loss factor (ߝᇱᇱ) determine the heat generation and change in response to the ingredients and 
temperature of the food when heated by microwave (Sakai et al., 2005). ߝᇱ and  ߝᇱᇱ represent the 
real and imaginary units, respectively. Complex relative dielectric properties are defined as 
ߝ∗ ൌ ߝᇱ െ ݆ߝᇱᇱ, where ݆ ൌ √െ1 stands for the imaginary unit, ߝᇱ reflect the material’ ability to 
restore electrical energy, and εᇱᇱ describes the material’s ability to dissipate energy (Mudgett, 
1994). 
In the past decades, the dielectric properties of various materials, such as fruits and 
vegetables, meats, starches, and other foods (Nelson et al., 1994; Sipahioglu, et al., 2003; Wang 
et al., 2003; Liu et al., 2009), have been investigated. The major factors that influence the 
dielectric properties of materials, such as frequency, temperature, moisture content and salt 
content, have been studied and reported (Berbert et al., 2001; Feng et al., 2001). Moreover, 
useful experimental data and conclusions on dielectric properties and dielectric measuring 
techniques have been provided via comprehensive reviews (Ryynänen, 1995; Venkatesh and 
Raghavan, 2005; Sosa-morales et al., 2010). However, limited reports are available on the 
dielectric properties of aquatic products (Wang et al., 2008). 
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Aquatic products such as fish, especially sea fish, are desirable foods because of their 
good flavor and nutritional contents. Currently, an increasing number of aquatic products are 
processed by microwave. However, just a few studies have investigated the dielectric behavior 
of these products using the pulverized sample such as surimi and kamaboko instead of real one 
(Mao et al., 2003; Mao et al., 2005). Besides that, only the study on salmon fillet that was 
investigated at the frequencies between 27 and 1800 MHz could be found (Wang et al., 2008). 
It is interesting to investigate the dielectric properties of fish flesh because the native structural 
of its muscle undergoes several changings, including area shrinkage caused by heat-induced 
protein denaturation and shrinkage of the muscle fibers during thermal processing, which 
releases intracellular water along with soluble constituents that include both polar and ionic 
compounds. Therefore, systematic investigation of the dielectric properties of fish flesh is 
necessary.    
Additionally, the majority of research on dielectric properties has involved raw 
materials, while little attention has been paid to preheated materials. Currently, a high 
percentage of convenience food is specially designed for microwave heating, with the bulk 
being precooked or prefried. As microwaves are also used for reheating, it is notable that the 
dielectric properties of preheated materials could potentially be different from those of raw 
materials due to various factors such as protein denaturation, moisture or iron loss. Brunton 
recorded the dielectric properties of beef biceps femoris muscle at several frequencies during 
heating (5-85°C) to assess their association with phase changes monitored by differential 
scanning calorimetry (DSC) (Brunton et al., 2006). The structure of denatured meat, which was 
compounded with physical shrinkage, was found to influence the dielectric constant at 65-66°C 
(denaturation of collagen). Thus, as microwave is used for both cooking as well as reheating, 
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investigation on the frequency- and temperature-dependent dielectric properties of both raw and 
preheated (cooked) materials is necessary.  
To expand our knowledge about microwave heating of fish products, dielectric 
properties of fish products were investigated in this study. The dielectric properties of raw and 
preheated fish samples were measured at different microwave frequencies from 10°C to 90°C 
(at 10°C intervals) to examine the influence of temperature, frequency, moisture content, lipid 
content, protein denaturation, and heat treatment on the dielectric properties of the samples. 
Additionally, the penetration depths, which were calculated from the dielectric constant and 
loss factor, of the samples were compared. 
2.2 Materials and methods 
2.2.1  Sample preparation 
Wang et al. (2008) reported that there was no difference in dielectric properties between 
minced fish fillet samples and intact fish fillets which indicated that the effect of structural 
differences on dielectric properties could be neglected in this study. Water is the major 
constituent of fish tissue as the live weight of the average fish consists of 70-80% moisture 
(Love, 1980), and it was demonstrated in some studies that the dielectric properties of high 
moisture content food is generally affected by moisture content (Calay et al., 1995; Feng et al., 
2002). Thus in this study, the dielectric properties of fish flesh is also assumed to be mainly 
affected by the difference of moisture content due to specie difference and the protein 
denaturation and shrinkage during heating.  
Therefore, three kinds of sea fish with different moisture content that were widely 
consumed in Japan: red sea bream (Pagrus major), yellowtail (Seriola quinqueradiata), 
Atlantic salmon (Salmo salar) were used as samples in this study. 
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All samples were farmed fish obtained from the supermarket. Red sea bream and 
yellowtail were cultured in Kagoshima prefecture and Kumamoto prefecture respectively in 
Japan, and Atlantic salmon was imported from Chile. Fish samples were prepared by cutting the 
fish fillets into small cubes (2×2×2 cm); red sea bream and yellowtail were fresh, while Atlantic 
salmon was thawed. Preheated samples were prepared by placing the raw sample cubes inside a 
chamber with a constant temperature of 90 °C and a constant humidity of 80 %. The procedures 
are described in detail in the experimental procedures section. 
2.2.2 Dielectric properties measurement equipment 
The dielectric constant and dielectric loss factor of samples were measured using 
dielectric constant measurement equipment. A diagram of the equipment is shown in Fig. 2-1. 
The equipment system consisted of an open-ended coaxial probe (HP85070B, Hewlett Packard 
Corp., Santa Rosa, CA, USA), a network analyzer, a probe cable, a computer system with the 
accompanying software, and a constant humidity and temperature chamber (SH-240, Tabai 
Espec Corp., Osaka, Japan). The open-ended coaxial probe was fixed inside the chamber. It was 
cleaned using distilled water and the instrument was calibrated by measuring the properties of 
air, the short-circuit block (Metallic short block), and water at 25 °C before measurements. The 
instrument was turned on at least 2 h before calibration and measurements were made to obtain 
uniform readings (Ahmed et al., 2007a). 
2.2.3 DSC analysis and determination of moisture and lipid contents 
Protein denaturation was investigated by DSC (Pyris1, Perkin-Elmer, Norwalk, CT, 
USA). Fish samples (15-20 mg) were accurately weighed and placed in volatile aluminum pans, 
sealed and allowed to equilibrate at an initial temperature (25 °C) for 10 min. The pans 
containing the samples were heated at a rate of 10 °C/min over a range of 25 °C to 110 °C, and 
an empty pan was used as the reference. All measurements were performed in triplicate. 
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The moisture content of the samples was measured by drying the samples in a vacuum 
oven for 6 h at 75 °C and 65 Pa, in accordance with Section 934.06 of AOAC (1995) (Wang et 
al., 2008). The fat content was determined by the modified Folch method (Folch et al, 1956). 
Each measurement was performed three times. 
2.2.4 Experimental procedures 
For raw samples, cubes from each fish species were divided into three groups (A, B, and 
C), and each group was divided into nine subgroups (as measurements were taken at nine 
different temperatures points). Group A was used for the dielectric properties measurement, 
while group B were just used for temperature monitoring using a Type-T thermocouple at the 
same time. Group C was used for measuring the moisture content during heating or reheating. 
Before measurement, samples stored overnight at 4 °C were removed from the 
refrigerator and placed in customized acrylic containers. A coaxial probe with a laboratory jack 
downside was connected to the container, ensuring close contact between the probe tip and 
sample during measurements (Wang et al., 2003). Next, a customized plastic cover and plastic 
film were used to seal the samples to prevent moisture loss due to the heating media (hot humid 
air) and protein denaturation. Both the coaxial probe and the contained samples were placed in 
the temperature- and humidity-controlled chamber, and hot (or cold) humid air was used to heat 
(or cool) the samples. Each subgroup contained four samples, allowing us to obtain an averaged 
value for measurements made at each temperature point. The dielectric properties of the raw 
fish samples were then measured in the usual cooking temperature range from 10 °C to 90 °C, 
at 10°C intervals. 
Preheated samples were prepared from raw fish. For each measurement, a raw fish cube 
was placed in close contact with the tip of the coaxial probe, sealed using a plastic cover and 
film, and placed inside the chamber. Next, the chamber temperature and humidity were set to 
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90 °C and 80 %, respectively, and the sample was heated for about 1 h. After the temperature of 
the sample has stabilized at 90 °C, monitored using a Type-T thermocouple, the sample was 
cooled to 10 °C. Measurement of the dielectric properties of preheated fish samples was 
performed from 10 °C to 90 °C, at 10 °C intervals, similar to the procedures described above 
for the raw fish samples. 
2.3 Results and discussion 
2.3.1 Dielectric properties of raw samples 
The dielectric constant and loss factor of the raw samples at various temperatures were 
measured at 915 and 2450 MHz. Changes in the dielectric constant and loss factor showed 
similar trends with increasing temperature, as shown in Fig. 2-2. 
In this study, the dielectric constant of all samples decreased with increasing 
temperature at 915 and 2450 MHz, while the loss factor increased with increasing temperature 
at 915 MHz. Changes in the dielectric properties of the three fish species at 915 and 2450 MHz 
with increasing temperature were found to follow second order polynomial equations, as shown 
in Table 2-1. 
In order to investigate the frequency dependence, we measured ߝᇱ  and ߝᇱᇱ  of the 
samples at frequencies from 200 MHz to 3.6 GHz. Fig. 2-3 shows the representative results 
from yellowtail. The dielectric constant and loss factor values decreased with increasing 
frequency at the same temperature. The loss factor, which has a greater influence on the 
heating rate for microwave dielectric heating than on the dielectric constant, has much less 
temperature dependence at higher frequencies at the same temperature (Nelson and Battery, 
2000). 
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2.3.2 Penetration depth 
Penetration depth (݀௣), the distance in which the microwave power decreases to 1 e⁄  (e 
= 2.718) of its surface value, is a very important parameter for characterizing microwave 
heating (Mao et al., 2005). It is generally used to select the appropriate thickness of food inside 
packages to ensure a relatively uniform heating along the depth of a food during dielectric 
heating (Wang et al., 2005). The penetration depth can be calculated as follows: 
    5.02"''0 112 /     pd  (2-1) 
Where λ଴, the free space microwave wavelength, was 327.6 mm for 915 MHz and 122.4 
mm for 2450 MHz. 
Fig. 2-4 shows the frequency- (915 and 2450 MHz) and temperature-dependent 
penetration depth for the three fish species. The penetration depth showed a similar trend with 
increasing temperature between the different species; it decreased with an increase in frequency 
at the same temperature, which is attributed to the effect of wavelength (λ଴) (Ahmed et al., 
2008). At a lower frequency, the quick increase in ߝᇱᇱ with increasing temperature that resulted 
in decreased penetration depth is probably in response to the increased degree of dielectric 
dispersion due to ionic conductivity as the temperature increased (Nelson and Bartley, 2001). 
Differences in penetration depth between temperatures in the same sample become smaller with 
increasing frequency due to the smaller temperature-dependent dielectric loss factor (Mao et al., 
2003). Therefore, frequency showed a greater impact on penetration depth than temperature 
(Wang et al., 2008). However, because it was calculated from the dielectric properties, the 
penetration depth was also affected by the material’s properties. Using red sea bream as an 
example, the lowest penetration depth was observed at 915 MHz and 2450 MHz due to high 
moisture content. 
Chapter 2 Dielectric Properties of Fish Flesh at Microwave Frequency 
2-8 
 
2.3.3 Investigation of protein denaturation and moisture loss in samples during 
preheating 
The dielectric properties, as shown in Fig. 2-2 and Fig. 2-3, were considered to be 
affected by temperature, frequency, and moisture loss due to protein denaturation during 
heating. For further study, we prepared preheated samples for comparison with the raw samples 
to observe the effect of protein denaturation on dielectric properties and to concurrently assess 
the experimental method of this study. Additionally, DSC analysis was performed, and 
moisture and lipid contents of the samples were determined. 
The DSC method was used for characterization of thermal protein denaturation in the 
fish samples, and the average temperature values for myosin and actin denaturation are shown 
in Table 2-2. As no reference data for the DSC analysis of the three fish species were found, 
Tmax (peak maximum temperature) of Atlantic cod (Skipnes et al., 2008) was used for 
comparison. Similar temperature ranges to the Tmax of myosin (40-50 °C) and actin (70-80 °C) 
were observed. 
The moisture content of the raw and preheated samples at various temperatures was 
determined concurrently with dielectric properties measurement using the samples in group C. 
The initial moisture content of the raw samples was 77.0±0.5 %, 70.7±1.2 % and 67.1±1.4 % in 
red sea bream, Atlantic salmon, and yellowtail, respectively. The moisture content of the raw 
samples changed significantly with the occurrence of protein denaturation during heating (Fig. 
2-5). Moisture losses of 15.8±1.2 %, 12.9±2.7 % and 12.3±1.1 % were found at the final 
temperature of 90 °C in red sea bream, Atlantic salmon, and yellowtail, respectively. No 
obvious changes in moisture content could be found in the preheated samples (red sea beam, 
Atlantic salmon, and yellowtail) during reheating. It was proven that no further moisture loss 
could be found except for that caused by protein denaturation during heating or reheating.  
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Notably, the overflow moisture from the raw fish flesh during heating, which was 
caused by protein denaturation, was observed to flow to the bottom of the plastic container, and 
the collected water was not considered to affect dielectric properties measurement, as the 
sample thickness was about 2 cm. 
Moisture loss was the main reason for cooking loss during heating (Kong et al., 2007). 
Furthermore, as water is characterized by a high dielectric constant and loss factor as compared 
to lipids, the effect of the small amount of lipid loss on the dielectric properties of fish flesh 
during heating (10-90 °C) was deemed negligible in this study, and only the initial lipid 
contents were measured. Results showed that yellowtail and Atlantic salmon contained high 
lipid contents (10.5±1.6 % and 13.8±1.1 %, respectively), while that of red sea bream was low 
(2.1±0.1 %). In reference to Fig. 2-5, moisture content and lipid content in the samples were 
found to affect each other. The moisture content consistently decreased with increasing lipid 
content, and the dielectric properties were concurrently affected (Wang et al., 2008). According 
to Fig. 2-2, the dielectric properties were found mainly to depend on the moisture content of the 
samples. Red sea bream, the sample with the highest moisture content and lowest lipid content, 
showed the highest dielectric constant and loss factor values at both test frequencies. 
Results of the DSC (Table 2-2) analysis deduced that the moisture loss of the raw 
samples during heating is primarily caused by the thermal denaturation of muscle proteins (Bell 
et al., 2001). Heating caused denaturation of myosin and actin, shrinkage of myofibrils, and a 
subsequent expulsion of water (Ofstad et al., 1993). Greater moisture loss was found at 70 °C 
than 50 °C during heating, as the sarcoplasma proteins of salmon may denature between 45 °C 
and 70 °C (Ofstad et al., 1996) and the majority of shrinkage usually occurs with the 
denaturation of actin near 70 °C. Finally, lower moisture losses were found in samples with a 
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higher intramuscular fat content (salmon and yellowtail), which may contribute to the superior 
liquid-holding capacity (Ofstad et al., 1996) of those species. 
2.3.4 Dielectric properties and penetration depth of preheated and raw samples. 
For the preheated samples at all temperatures (Fig. 2-6), the dielectric constant and loss 
factor values were lower than those of the raw samples (Fig. 2-2) at both test frequencies (915 
and 2450 MHz) due to the loss of moisture content during preheating. As red sea bream 
contained the highest moisture content and lowest lipid content, it showed the highest dielectric 
constant and loss factor values at both test frequencies in the preheated samples. Changes in the 
dielectric properties as a function of temperature for the three species of preheated fish at the 
two selected frequencies were also found to follow second order polynomial equations as 
shown in Table 2-3. 
For both the raw and preheated samples, the change in dielectric constant with 
temperature was found to be similar at the two frequencies, while dielectric losses at 915 MHz 
showed a steeper line than those at 2450 MHz. Ionic conductivity and dipole rotation are the 
predominant loss mechanisms (Ryynänen, 1995). Dipole loss results from the rotation of water 
dipoles, while ionic loss results from the migration of ions. Generally, dipole loss decreases 
with temperature, while the ionic loss component increases with temperature at microwave 
frequencies (Tang et al., 2002). At frequencies lower than 1 GHz, the rapid increase of the 
dielectric loss factor was probably due to the influence of ionic loss as the temperature 
increased (Hu and Mallikarjunan, 2005). At 2450 MHz, the loss factor remained approximately 
constant with temperature in both the raw and preheated samples. This could be attributed to the 
balance between the dipolar and ionic losses resulting in small changes in the loss factor as a 
function of temperature. 
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For further study, we used Lichtenecker’s formula (or Lichtenecker’s logarithm mixed 
law) (Ebara et al., 2006) to determine whether protein denaturation (changes in protein structure) 
directly affects the dielectric properties of fish flesh. Lichtenecker’s logarithm mixed law is a 
formula used for calculating the effective complex dielectric properties of a mixture consisting 
of two or more kinds of dielectric materials, with known volume ratios and complex dielectric 
properties of each material. We considered the fish sample to be a mixture of two kinds of 
materials: one being water and the other being solid fish, which contains protein, lipid. In this 
context, Lichtenecker’s formula could be described in Eq.  (2-2) as follows: 
*** lnlnln MMWW VV    (2-2) 
Where ߝ∗ is the effective complex dielectric properties of the fish sample, ߝᇱ୛ and ߝᇱ୑ 
are the complex dielectric properties of water and the solid fish, and ୛ܸ and ୑ܸ are the volume 
ratios of water and the solid fish, respectively. Here, ୛ܸ ൅ ୑ܸ ൌ 1 must be satisfied. 
As moisture loss is considered as the main weight loss during heating, it is assumed that 
no change would occur in the solid fish during heating. Here, we first assumed that protein 
denaturation has no effect on the dielectric properties of fish flesh, which means no change 
would be found in the dielectric properties of the solid fish during or after heating. Therefore, 
the complex dielectric properties of the solid fish could be calculated using Eq. (2-3) as follows: 
  MWWM VV *** lnlnln    (2-3) 
As the same tendency was observed in the three species of fish, in this study we chose 
yellowtail as a representative example. The density of yellowtail flesh was assumed to be 1000 
g mଷ⁄ , and as the moisture content of the preheated samples and dielectric properties of water 
(ߝ∗୛) and the preheated samples (ߝ∗) at different temperatures have already been measured, the 
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dielectric properties (2450 MHz) of solid yellowtail (ߝ∗୑) as a function of temperature was 
estimated, as shown in Table 2-4. 
Then, the complex dielectric properties of the raw samples (ߝ∗) at various temperatures 
were calculated using Eq. (2-2), with data calculated from the preheated samples of solid 
yellowtail (Table 2-4). We compared the dielectric constants and dielectric loss factors between 
the measured and calculated results (Fig. 2-7), and no obvious difference were found. This 
agrees with the hypothesis that protein denaturation has no effect on the dielectric properties of 
fish flesh; therefore, protein denaturation (changes in protein structure) did not significantly 
influence the dielectric properties of fish flesh other than moisture loss. 
Raw and preheated fish were also compared using the dielectric constant data of 
yellowtail (2450 MHz) as a representative example (Fig. 2-8). A large difference was found in 
the specific value of dielectric constants between the raw and preheated samples with 
increasing temperature. Moisture loss caused by protein denaturation during heating in the raw 
samples resulted in more obvious changes, as water is a dipolar compound that couples more 
dielectric energy (Tanaka et al., 1999). Moisture content of the preheated samples during 
reheating was found to be almost unchanged, thus much less of a decreasing trend in the 
dielectric constant related to temperature was observed. 
Penetration depth of the raw and preheated samples was assessed according to species 
and temperature and comparisons made. The penetration depth of both the raw and preheated 
samples of different fish species showed a similar trend with increasing temperature. With 
regard to dielectric properties, the obvious difference between the raw and preheated samples 
is moisture content. However, the dependence of penetration depth on temperature is complex, 
because ionic and dielectric losses interact (Tanaka et al., 2005). The penetration depth of the 
preheated samples showed a more precipitous change with increasing temperature at 915 MHz 
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than that of the raw samples, which may be due to the imbalance between dipolar and ionic 
losses, caused by moisture loss after protein denaturation. Little change was found in 
penetration depth between the raw and preheated samples at the higher frequency of 2450 MHz. 
Yellowtail is shown in Fig. 2-9 as a representative example of penetration depth. The 
penetration depth of the raw samples at 915 MHz was about 21.34 mm at 10 °C, and it was 
reduced to 10.81 mm at 90 °C, while that of the preheated samples was reduced from 25.67 to 
10.81 mm. The preheated samples of red sea bream also showed the lowest temperature-
dependent penetration depth at 915 MHz and 2450 MHz, as it contained the highest moisture 
content. 
2.4 Conclusions 
The dielectric properties of raw and preheated fish of three different species were 
measured and compared in the temperature range 10 °C to 90 °C, and the frequency range 200 
MHz-3660 MHz. Penetration depth was additionally examined. The moisture and lipid contents 
of both the raw and preheated samples at various temperatures were measured during dielectric 
properties measurement. DSC analysis was performed to investigate protein denaturation. The 
influence of moisture and lipid contents, temperature, and frequency on the dielectric properties 
was investigated and the conclusions are as follows: 
 Changes in the dielectric properties of three species fish (both raw and preheated) at two 
selected frequencies as a function of temperature were described by second order 
polynomial equations and were found to be calculable to estimate microwave heat 
generation. 
 The complex dielectric properties of fish flesh were estimated by applying Lichtenecker’s 
formula, and the effect of protein denaturation on dielectric properties was investigated. It 
was shown that only moisture loss, which was caused by protein denaturation in fish flesh 
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during heating, affected dielectric properties. Changes in protein structure during protein 
denaturation have no direct effect on dielectric properties, indicating that moisture content 
was the most important factor for the dielectric properties of fish flesh. 
 Due to moisture loss during heating caused by protein denaturation, the dielectric constant 
of the raw samples decreased more sharply with increasing temperature than that of the 
preheated samples. Furthermore, moisture loss showed a greater effect on the dielectric 
constant than on the loss factor. 
 The penetration depth of the preheated samples increased more sharply with decreasing 
temperature at the two frequencies (915 and 2450 MHz) than that of the raw samples, which 
may be due to the dielectric imbalance between dipolar and ionic losses caused by moisture 
loss after protein denaturation. 
2.5 Nomenclature 
Latin letters 
dp  penetration depth of microwave (m) 
f  frequency of microwave (MHz) 
H    enthalpies of protein denaturation  (J ∙ Kg-1) 
j  complex number operator 
T  temperature (°C) 
Tmax  temperature at the peak point (°C) 
VW, VM  volume ratio (dimensionless) 
Greek letters 
ε*   complex permittivity (dimensionless) 
ε’   dielectric constant (dimensionless) 
ε”  dielectric loss factor (dimensionless) 
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λ0  microwave length in free space (m) 
π  Ludonlph’s number (≈ 3.14159) 
ρ   density (kg·m-3) 
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2.7 Figures and tables 
 
 
 
Fig. 2-1. Schematic diagram of the equipment used in dielectric properties measurement. 
 (1) Constant moisture and temperature cavity (2) Laboratory jack (3) Sample and container (4) Open-
ended coaxial probe (5) Network analyzer (6) Computer with software (7) Fan  
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Fig. 2-2. Temperature dependency of dielectric constant and loss factor of the samples at 915 and 2450 
MHz.   
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Fig. 2-3. Frequency dependency of the dielectric properties (overall average) of yellowtail at various 
temperatures.  
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Fig. 2-4. Temperature dependency of penetration depth of the samples at 915 MHz and 2450 
MHz. 
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Fig. 2-5. Changes in moisture content of the fish samples at various temperatures during heating and 
reheating.  
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Fig. 2-6. Temperature dependency of dielectric properties of the preheated samples at 915 MHz and 
2450 MHz.  
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Fig. 2-7. Calculated and measured dielectric properties of raw yellowtail sample at various temperatures. 
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Fig. 2-8. Specific value of dielectric constants of the raw and preheated yellowtail sample related to 
temperature. 'x  represents the dielectric constant of yellowtail at various temperatures, x represents 
temperature. '10  represents the dielectric constant of raw (preheated) yellowtail at 10°C. 
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Fig. 2-9. Temperature dependency of penetration depth of the raw and preheated samples at 915 MHz 
and 2450 MHz. 
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Table 2-1 Predictive equations for the dielectric properties of the samples as a function of temperature (T) at 915 MHz and 2450 MHz. 
 
Frequency
Species Dielectric constant R² Loss factor R² 
(MHz) 
915 
Red sea bream ɛ’ = -1.21×10-3T2-9.60×10-2T + 6.08×101 0.97 ɛ’’ = 2.38×10-4T2 + 2.18×10-1T + 1.90×101 0.99
Atlantic salmon ɛ’ = -2.25×10-3T2 + 1.10×10-1T + 4.89×101 0.96 ɛ’’ = -8.27×10-4T2 + 3.35×10-1T + 1.48×101 0.99
Yellowtail ɛ’ = -2.23×10-3T2 + 6.30×10-2T + 4.81×101 0.99 ɛ’’ = -9.05×10-4T2 + 2.72×10-1T + 1.42×101 0.99
2450 
Red sea bream ɛ’ = -1.91×10-3T2-1.82×10-2T + 5.53×101 0.99 ɛ’’ = 6.55×10-4T2-6.75×10-1T + 1.96×101 0.99
Atlantic salmon ɛ’ = -2.49×10-3T2 + 1.67×10-1T + 4.36×101 1 ɛ’’ = -1.16×10-4T2 + 5.29×10-1T + 1.44×101 0.99
Yellowtail ɛ’ = -2.59×10-3T2 + 1.07×10-1T + 4.29×101 0.99 ɛ’’ = -1.08×10-4T2 + 2.90×10-1T + 1.41×101 0.99
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Table 2-2 Average values and standard deviation for temperatures (T) (onset, peak and end) and enthalpies (ΔH) of the denaturation of myosin and actin in the samples. 
 
Species Red sea bream Atlantic salmon Yellowtail Atlantic cod*
Myosin
T (˚C
) 
Onset 41.0±0.5 40.7±0.4 41.9±0.2  
Tmax 47.5±0.1 42.8±0.2 47.3±0.2 44.1±0.2 
End 49.8±0.2 44.5±0.2 51.6±0.2  
ΔH (J/kg) 3.4±0.3 2.2±0.3 2.0±0.1  
Actin 
 
T (˚C
) 
Onset 70.1±0.2 74.4±0.4 67.2±0.3  
Tmax 74.1±0.2 77.5±0.2 72.9±0.3 76.1±0.7 
End 77.0±0.6 79.3±0.1 76.7±0.1  
ΔH (J/kg) 0.9±0.1 3.9±0.1 1.2±0.1  
                                                                  * Skipnes (2008).  
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Table 2-3 Predictive equations for the dielectric properties of the preheated samples as a function of temperature (T) at 915 MHz and 2450 MHz. 
Frequency
(MHz) 
Species Dielectric constant R² Loss factor R² 
915 
Red sea bream ɛ’ = -6.01×10-4T2-4.45×10-2T + 5.25×101 0.97 ɛ’’ = 3.67×10-4T2 + 2.60×10-1T + 1.45×101 0.99
Atlantic salmon ɛ’ = -5.35×10-4T2 + 1.64×10-5T + 4.66×101 0.95 ɛ’’ = 9.77×10-4T2 + 1.83×10-1T + 1.15×101 0.99
Yellowtail ɛ’ = -1.17×10-3T2 + 7.76×10-2T + 3.86×101 0.98 ɛ’’ = -3.74×10-4T2 + 2.35×10-1T + 1.03×101 0.99
2450 
Red sea bream ɛ’ = -1.25×10-3T2 + 3.13×10-2T + 4.66×101 0.98 ɛ’’ = 1.04×10-3T2-4.80×10-2T + 1.66×101 0.98
Atlantic salmon ɛ’ = -5.84×10-4T2 + 9.32×10-3T + 4.16×101 0.99 ɛ’’ = 7.24×10-4T2-4.99×10-3T + 1.12×101 0.99
Yellowtail ɛ’ = -1.06×10-3T2 + 5.08×10-2T + 3.60×101 0.98 ɛ’’ = 2.86×10-4T2 + 8.85×10-3T + 1.18×101 0.96
Table 2-4 Estimated dielectric properties of solid yellowtail in relation to temperature. 
Solid yellowtail
Temperature (°C) 
10 30 50 70 90 
ɛ’ 14.54 15.24 15.20 14.88 13.30
ɛ” 8.21 10.30 12.21 13.87 14.81
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Chapter 3                  
Finite Element Modeling of Temperature Distribution in Food Materials 
during Microwave Heating  
3.1 Introduction 
Turntable exists in most of the domestic microwave oven and it is rotated with the food 
during microwave processing for rotation is one of the easiest and effective ways to access a 
relatively uniform heating (Zhou et al., 1995). However, only a few literatures could be found 
in making a try to model the effect of rotation mathematically as it is considered to be too 
complicated (Datta, 1990). 
Chatterjee et al. (2007) proposed a simple rotation model based on lambert’s law. The 
heating of containerized liquid by microwave in a rotating cylindrical cavity was investigated 
and the effects of rotation, power source and natural convection were simulated and studied. 
However, it has been recognized that simulations using lambert’s law prefer large penetration 
depth of microwave inside sample. The results of simulation will not agree with experiment if 
the radius of the container is too small inside which the focusing effect of microwave may 
happen. Furthermore, it has the limitation that the distribution of the electromagnetic wave in 
the cavity could not be estimated.  
Geedipalli et al. (2007) also made a try to approximate the rotation of the turntable by 
the FEM (Finite element method). The sample was considered to rotate every 15° 
instantaneously, and electromagnetic fields for the sample of twenty-four orientations were 
analyzed and coupled with heat transfer analysis for temperature prediction. Simulated 
temperatures in the center and corner locations were validated by the experimental histories 
with good agreement. However, for all of the electromagnetic fields with samples at different 
orientations were analyzed and stored before heat transfer analysis was performed, the 
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dielectric properties were considered as constant. Actually, the electromagnetic field may also 
change during heating due to the changing of dielectric properties with the temperature inside 
the sample.  
Therefore, a new model is required to be developed in which all the real features should 
be included as possible to simulate the effect of the rotation of turntable with better accuracy. In 
addition, for the large amount of computational time cost in simulation cause researchers 
headaches, more discussions should be performed on optimizing geometric model or 
calculations with the less computational time but satisfy accuracy. 
FEM has been extensively used in modeling for its characteristic ability to handle 
irregular geometries and boundary conditions, spatial and temporal properties variations. The 
goal of this chapter is to develop a new three-dimensional computer model base on FEM to 
predict time-dependent temperatures distributions of food sample with considering the 
continuous rotation of the turntable during microwave heating. Nevertheless, rotating an object 
through the microwave field presents a computational challenge, and the disconnections of 
nodes between the elements of rotating domain and stationary parts may cause the 
electromagnetic analysis result in error.  
Here, the slide interface between rotating and stationary part were specially assigned 
and treated by program to solve the problem mentioned above. On this basis, a FEM-based 
model with a new simulation approach and user-friendly interface was developed. Time-
dependent temperature distributions in rotating food were predicted by coupling 
electromagnetic and heat transfer analysis, while heat generation was updated with heating time 
steps by a node coordinate and dielectric properties’ updating program according to sample’s 
position and temperature.  
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With this model, investigations could be done at any instantaneous rotating speed, 
which helped optimize the analytical processes within a minimum computational time. 
Dielectric properties of the sample, considered to be temperature-dependent during heating, 
could be renewed via a feedback of temperatures at each analysis cycle step. The temperature 
distributions of both cylindrical and rectangular samples were predicted and investigated in this 
study. Different methods were proposed and discussed to approximate the rotation and simulate 
the temperature in view of sample’s shape and dielectric properties. These methods were then 
optimized respectively to achieve the minimum computational time and were experimentally 
verified with temperature distributions captured by an infrared thermal camera. 
3.2 Modeling and experiment  
3.2.1 Electromagnetics   
As a microwave is a kind of electromagnetic wave, its electromagnetic field distribution 
in space and time is governed by Maxwell’s equations (Knoerzer et al., 2008). The differential 
form of Maxwell’s equations can be expressed in terms of electric field and magnetic intensity 
( E

 and H

), as follows: 
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Where B

 is magnetic induction (Wb·m-2), D

 is electric displacement (C·m-2), and H

(A·m-1) and E

(V·m-1) are the magnetic field and electric field intensity. m  is the electric 
volume charge density (A·s·m-3), J

 is current flux (A·m-2), ε is the complex permittivity (ε= 
ε’-j ε” with j2 = -1), and the permeability μ could be represented by μ0 = 4π×10-7 (H·m-1), the 
magnetic permeability of free space.  
The electric conductivity σ is related to the relative dielectric loss factor of the material 
(ε’), where ω is the angular frequency (rad·s-1), and ε0 = 8.854×10-12 (F·m-1) is the permittivity 
of free space. 
3.2.2 Boundary conditions 
The inner walls inside the microwave oven cavity were considered to be perfect 
electrical conductors, on which the tangential electric and magnetic field should disappear. The 
boundary conditions on the inner wall surface of the oven cavity could be described in Eq. (3-6). 
0tan E   0nH  (3-6) 
3.2.3 Heat generation 
The internal volumetric heat generation term (Q, J·s-1m-3) in the material is proportional 
to the square of the electric field intensity and directly proportional to the dielectric loss factor 
and the frequency (f, Hz).  
Once the electric field intensity is known, the local power dissipated could be evaluated 
and heat generation could be calculated as shown in Eq. (3-7). where ω= 2πf (f stands for the 
frequency of the microwave) and Erms is the root mean square value of the electric field 
(Marshall and Metaxas, 1998; Curet et al., 2008).  
2
0
2"
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3.2.4 Heat transfer 
The temperature distributions of food were simulated based on a three-dimensional heat 
transfer equation including the internal heat generation owing to microwave heating which 
depends on the thermophysical properties of the materials as shown in Eq. (3-8) (Whitaker, 
1977).  
emp QTkt
TC 
 )(
 
(3-8) 
Actually in experiment, the natural convection may happen in the cavity during 
microwave heating. However, as samples in this study were filled inside customized containers 
made from Poly (methyl methacrylate) (PMMA), which is sometimes called acrylic glass, and 
as the heat conduction (k, 0.2 W∙m-1K-1) of acrylic container and the specific heat (Cp, 1.005 
J∙kg-1K-1) of the air are small, the amount of the heat exchanged between air and container 
during heating was considered to be small, thus the effect of the natural convection on sample’s 
temperature was neglected in this study. 
3.2.5 Solution method 
Two commercial finite methods based software packages, FEMAP (V10.2, Siemens 
PLM Software Inc., Plano, Texas, USA) and PHOTO-Series (V 7.2, PHOTON Co. Ltd., Kyoto, 
Japan), were used for geometry model building and temperature prediction in this study. The 
main steps involved in the modeling are outlined in Fig. 3-1. 
FEMAP, which is a kind of pre-processor, was used to build three-dimensional models 
(Step 1).  
Then based on the same geometric model built by FEMAP, two different kinds of 
models, which were named the electromagnetic field analysis model (EM model) and the heat 
transfer analysis model (HT model), were built separately using the customized software 
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PHOTO-Series (Step 2). In this step, the slide interface that will be explained in the ‘model 
description’, the rotation part and the speed were assigned, and parameters for different 
analyses were input and set. The EM model was used to estimate the distribution of the 
microwave electromagnetic field in the oven to obtain the internal heat generation, which was 
used in the HT model to predict the temperature distribution.  
United simulations by coupling the two models mentioned above were then carried out 
by PHOTO-Series.  
In this study, the dielectric properties of the samples were considered to be temperature-
dependent over the temperature range from 20°C to 100°C (Knoerzer et al., 2008), and the 
estimation of the heat generation at any location inside the sample requires simultaneously 
solving for the electromagnetic field and heat transference. Thus, the values of the dielectric 
properties were assigned spatially using the local temperatures in the regression expressions at 
the beginning of an analyzing cycle. Then, the distributions of electrical intensity inside the 
microwave cavity involving the air, sample, container and turntable field were estimated. Also, 
coordinates of the rotating parts were calculated in relation to the rotating speed and 
predetermined heating time steps to prepare for the next electromagnectic field analysis step. In 
some cases in this study, the heat generation could also be averaged using a customized 
program instead of predicting the rotating parts to reduce computational time (this will be 
explained below in ‘Results and Discussion’). 
Based on the heat generation data obtained from Step 3, the analysis of heat transfer was 
continued in the HT model, and the temperature distributions were finally predicted.   
The heating time steps and predetermined heat generation updating frequency were 
always checked after heat transfer analysis to ensure that the calculations ran in correct 
simulating cycles. 
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In the case of updating heat generation, temperature distributions inside the sample 
obtained from the heat transfer analysis step would be used to assign dielectric properties for 
the next analysis cycle (Step 6). Or in cases where spatial averaging of heat generation was 
justified, they could be used repeatedly to continue temperature prediction (Step a) until the 
next pre-determined heat generation update.  
Calculations would be stopped when the last pre-determined heating time step was 
checked out (Step b). 
All these calculations were done on a workstation with a Quad-Core processor (CPU 
speed 2.83 GHz) and RAM of 4GB running a 64-bit Windows 7 professional OS. 
3.2.6 Geometric model  
With respect to the size of containers which were commercially designed for use in 
microwave ovens for heating foods, two different geometric models were built, in which 
cylindrical and rectangular samples were contained separately. Both of the models contain a 
sample, container, turntable and air, and their sizes are shown in Fig. 3-2. 
3.2.6.1 Mesh size 
The appropriate size and shape of the elements in the geometric model play an 
important role in obtaining results with good accuracy during finite element analysis (Lin et al., 
1995). In some reports, mesh converge studies on different element numbers were performed  
in order to achieve stable power absorption by analyzing the electromagnetic field several times 
(Geedipalli et al., 2007; Geedipalli et al., 2008), while in other studies the size of the elements 
was directly discussed and recommended (Lorenson, 1990). 
Some manual of the software which is based on FDTD method, suggests that 12 cells 
per wavelength in the domain (λ = 12.22 cm in air) is good enough for mesh independent 
results (Pitchai et al., 2012). In Pathak’s research (Pathak et al., 2003), the FDTD method rule 
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of thumb suggested the use of at least ten cells per wavelength in the medium. In our study, the 
best finite element mesh size for the electromagnetic field analysis with good accuracy and 
optimal computational time at 2450 MHz was found to have the relationship with the 
wavelength of the microwave in free space, and the dielectric properties of materials as 
described in Eq. (3-9). This equation was suggested by the company named ‘PHOTON’ which 
developed the software for electromagnetic and temperature distribution analysis. In addition, 
all elements in this study were cut in the shape of a cube or cuboid to achieve good accuracy of 
prediction. 
 '6 h  (3-9) 
3.2.6.2 Slide interface 
Following the method introduced above, elements of different materials were divided 
into the required sizes, yet a continuous connection of the nodes on element of these parts could 
not be maintained. Also, as some parts inside the geometric model would rotate during heating, 
the slide interface between the rotating and stationary parts needed to be specially treated 
(Wakao, 2008). Otherwise, the transportation of the electromagnetic wave and of the heat 
would not be modeled correctly. 
These slide interfaces were specially assigned during geometric model building and 
were handled by the program during the simulation (Wakao, 2008). The geometric model with 
a rectangular sample was introduced as an example here in Fig. 3-3, where the red/purple 
colored lines showed specially assigned (slide) interfaces. 
Certainly, for solving the model in which the position or shape of the domain changes 
with time, other methods also exist such as dynamic mesh update method. It is meaningful to 
introduce and compare these mesh motion methods in future studies. 
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3.2.6.3 Rotation part settings 
During a continuous rotating process, it is very difficult to rotate the elements of the 
rectangular sample only, while the others stay stationary. We solved this problem by setting 
sample, container and the middle-hollow cylindrical surrounding air as a united part to rotate 
with turntable together as shown in Fig. 3-4.  
Examples of the estimated movement of rotating parts during heating are given in Fig. 
3-5 where the rectangular sample was shown to rotate with the surrounding air at a speed of 
30 °∙s-1 in the counterclockwise direction. This application could also be used for samples of 
any other shape to simulate rotation. 
3.2.6.4 Iterations and converge test tolerance 
In our study, a calculating technique called ICCG (Incomplete Cholesky Conjugate 
Gradient) method was used in analyzing the electromagnetic fields. ICCG is an iterative 
solution method for linear equations based on CG (Conjugate Gradient) method. In ICCG, the 
calculation speed of CG method is enhanced with pre-processing technology (Incomplete 
Cholesky Factorization). Compared with CG method that has no pre-processing, it is a faster 
and more stable method with many actual performance results in diverse analyses fields 
including electromagnetic field analysis (Igarashi, H., 2002). Iteration is an important parameter 
for solving electromagnetic and heat transfer equations accurately when using ICCG calculating 
technique.  
Pitchai et al. (2012) investigated the effect of number of iterations on stabilization of 
predicted electric field and found predicted temperature reached steady state after certain 
number of iterations. In our study, the converge test tolerance for electromagnetic field and heat 
transfer analysis were recommended by ‘PHOTON’ company which developed the software for 
electromagnetic and temperature distribution analysis and were set as 1.0×10-8 and 1.0×10-12 
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separately, while divergence tolerance and the maximum iterations for calculating was set as 
1.0×1040 and 1.0×106. The software would automatically stop when a convergent calculation 
result was detected. 
3.2.7 Input parameters and experiment procedures 
3.2.7.1 For simulation 
The microwave system used in this study was composed of a microwave generator, 
power monitor, tuner and cavity as shown in Fig. 3-6. It was described in detail by Sakai et al. 
(Sakai et al., 2005).  
The energy of the microwave that is transmitted through a rectangular waveguide along 
the z-direction is distributed in the shape of a sine curve (TE10 mode), and was assigned near the 
mouth of the waveguide. Ex, the electric intensity of the microwave at different positions inside 
the waveguide, could be calculated from Emax by using the following equations: 
  tPabzE 0max 2  (3-10) 
2
0 )(1/377 cZ   (3-11) 
 21/ cg    (3-12) 
)sin(max axEEx   (3-13) 
where a and b are the length and width of the rectangular waveguide (0.1092 m × 
0.0546 m), respectively, and Pt is the transmitted microwave power. Z0 is the wave 
characteristic impedance (Ω), λ is the free space microwave’s wavelength, and λg is the 
microwave’s wavelength of 0.1479 (m) in a waveguide of this size, and λc is the cutoff 
wavelength in this specific waveguide. Here, λ c = 2a = 0.2184 (m). Also, x is the distance of the 
node from the nearest width side inside the rectangular waveguide. 
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Mashed potato with 1wt % sodium chloride (Material A) and Mashed potato (Material 
B) were prepared and were filled in customized containers for temperature investigation during 
microwave heating. The water contents of both of the samples were 80 g per 20 g of dried 
mashed potato. 
Dielectric properties were measured using dielectric constant measuring equipment 
(HP85070B; Hewlett-Packard Corp., Santa Rosa, CA, USA) at various temperatures in a 
chamber with constant temperature and humidity (SH-240; Espec Corp., Osaka). The details of 
the equipment were given by Liu et al. (Liu, et al., 2012).  
For the sample we used was mashed potato, and the thermal diffusivity of which was 
almost constant in the temperature range observed in this study (Fraile and Burg, 1997), the 
thermal properties was also assumed as constant. The initial temperature of the heating system 
including the sample was assumed to be homogeneous. The parameters used for modeling and 
for the experiment are summarized in Table 3-1.  
3.2.7.2 For experimental validation 
Experiments were done to validate the computational modeling process.  
Power validation. In our laboratory microwave heating system, the microwave power 
could be adjusted by a knob on the regulator. The incident and reflect microwave power was 
indirectly monitored by observing the incident and reflect current displayed on two Ammeters 
as Fig. 5 shows. Before experiment, a load of 2000 ± 5 g placed in two 1-L beakers was placed 
in the oven and the rise in temperature in a fixed time was measured to determine the 
microwave power (Oomori, 1993). It was ensured that there was no reflection of microwave in 
every experiment by adjusting the three-stub tuner on the waveguide and monitoring the reflect 
current on the Ammeter. After the relationship between input current and microwave power 
Chapter 3 Finite Element Modeling of Temperature Distribution in Food Materials during Microwave Heating 
3-12 
 
were found, the demanded microwave power in heating experiment was then controlled by 
adjusting the knob manually and monitoring the current on the Ammeter.  
However, for the reflection of microwave energy was considered and simulated in our 
modeling, which means the energy absorbed by the load is not equal to the original rated power, 
the simulated load’s absorbed energy was used as the input power of microwave in experiment 
validation. 
Temperature validation. Temperature measuring system (LUXTRON 712; LumaSense 
Technologies Inc., Santa Clara, California) with optical fiber sensor was used to measure and 
record the time-temperature histories. The temperature distribution of the sample after heating 
was quickly captured and photographed using an infrared thermal camera (TH5104; NEC san-ei 
Instruments, Tokyo, Japan), and was then compared with the simulation results using the same 
color label. 
3.3 Results and discussions 
3.3.1 Temperature distribution without rotation of the turntable 
Generally in domestic microwave ovens, food is placed on a turntable, which rotates to 
provide more uniform heating. In this study, the temperature distributions of stationary samples 
were simulated and compared with experimental results to investigate the effect of the rotation 
of the turntable during microwave heating.  
The heat generation distributions of material A in two different shapes at the initial time 
are given in Fig. 3-7. The amount of heat generation inside samples varies in relation to the 
distribution of the electric field. Here, due to sample’s relatively large size and as the 
penetration depth of microwave in this material is low, the heat generation in the interior parts 
of the samples was found to be very small.   
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Based on estimated heat generation, the temperatures of samples have been predicted by 
the governing heat transfer equation. The temperature distributions on the top and bottom 
surfaces and in a vertical cross-section are listed in Fig. 3-8 and Fig. 3-9 as examples with 
which to compare the experimental data.  
It shows that without the rotation of the turntable, the temperature rose more quickly in 
locations where larger amounts of heat were generated, while the temperature at the interior 
part of the cylindrical sample and the downside part of the rectangular sample remained low. 
The phenomenon of microwave energy focusing (Buffler, 1992) did not occur in the cylinder, 
as the penetration depth inside this material was low and the sample was relatively large in size. 
Corners on the top surface of the rectangular sample were observed to be more easily 
heated than the other parts, as temperatures rose to a high level in a short heating time (60s). It 
is known that samples with a rectangular geometric form are difficult to heat uniformly, 
particularly at the corners and edges. Microwave radiation in the oven cavity can be crudely 
thought of as impinging on the sample from all directions. Under this assumption, corners are 
especially vulnerable to heating because they are exposed to microwaves coming from 
numerous directions.  
In our microwave heating system, the waveguide was located on the upper side of the 
cavity. Corners on the top surface of a sample tend to be more easily heated than the edges, 
while the centers and bottom parts tend to remain quite cold. 
It turns out that the simulated results in both cylindrical and rectangular samples were in 
good agreement with the measured values. 
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3.3.2 Simulated and experimental results for the temperature distribution in the 
cylindrical sample with the rotation of a turntable 
To investigate the effect of rotation on the cylindrical sample, the temperature 
distribution of material A was first simulated following the analysis cycle of steps 3 to 7 with a 
microwave power of 1000 W and a heating time of 120s. The rotating speed of the turntable 
was the same as in the real experimental condition (30 °·s-1).  
In each analysis cycle, the non-constant dielectric properties were assigned at the 
beginning using regression expressions related to the temperatures obtained from the previous 
analysis cycle (step 7). Then, the distribution of the electromagnetic field, heat transfer and the 
orientations of rotating parts were estimated based on the orientations of rotating parts that were 
estimated in the previous analysis cycle. In this simulation method, every analysis cycle is 
equivalent to every second of experimental heating. That means that during a real 120 s of 
heating, the orientations of the rotating parts, the electromagnetic field, and heat transfer were 
analyzed every 30° 120 times (120 analysis cycles) to approximate the effect of continuous 
rotation of the turntable during real heating. 
The temperature distributions inside the sample given in Fig. 3-10 showed a relatively 
uniform pattern in comparison with Fig. 3-8. Although the temperature still increases more 
quickly at the edge than at other locations due to the sample’s size and the special material we 
used, the temperatures at the horizontal surfaces of the sample were averaged by rotation along 
the same diameter direction. However, temperatures along the rotating axis were not affected 
by the rotation (Geedipalli et al., 2007), and the interior part of the sample remained at a low 
temperature which was the same as that shown in Fig. 3-8. 
The measured temperatures in the middle area on the top surface were lower than the 
simulated temperatures, which may be caused by the natural convection and operational delay 
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that occurred during the experiment. Actually, the natural convection in the cavity happens 
during experiment. Although the sample was filled in the acrylic container, for the heating time 
here was not short (120 second), the natural convection somewhat indirectly affects the top 
surface’s temperature of sample, and may cause the experimental results slightly lower than 
prediction. This phenomenon is more obvious at the locations where heat generations were low, 
such as middle area of the top surface. The time lapse between end of heating and imaging 
during experiment could also be considered as another reason for this kind of error (Pitchai et 
al., 2012). 
To predict the temperature inside a cylindrical sample on a rotating turntable, another 
method was considered. The heat generation of the elements on the same horizontal surface 
inside the sample could be averaged in the circumference direction at the same radius by 
computer program at each analysis cycle.  
Hence, instead of estimating the position of the rotating parts at every analysis cycle, 
heat generation was averaged with that of the stationary sample at every analysis cycle. 
Temperature distributions were predicted using this method and are given in Fig. 3-11. 
Comparing with the result of updating heat generation model which was shown in Fig. 3-10, the 
predicted temperatures of the averaged heat generation model are within the range of error (± 
5 °C) of the temperature difference. As the range of error (± 5 °C) of the temperature difference 
may also be observed between repetitive experiments, it was considered to be acceptable.  
Penetration depth, a measure of how deeply electromagnetic radiation can penetrate into 
a material, is a very important parameter characterizing microwave heating (Mao et al., 2005). 
It is defined as the depth at which the intensity of the radiation inside the material falls to 1/e (e 
= 2.718) of its original value at the surface and can be calculated by following Eq. (3-14). 
Where, λ was calculated from Eq. (3-12). 
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The penetration depths of two kinds of materials (A and B) were calculated and 
compared. As shown in Fig. 3-12, little change could be found in the penetration depth of 
material A over the temperature range (20°C to 100°C), but the penetration depth of material B 
at 100°C was about two times greater than that at 20°C. 
Since a constant penetration depth means that the complex permittivity does not change 
with temperature, constant heat generation (amount and distribution) during heating was 
indicated and illustrated in Fig. 3-13, where the distributions of the heat generations at the 120th 
second with that at the 1st second were compared.  
It is well known that FEM is an analysis method with good accuracy but that it requires 
a long time for computation if a personal computer is used. The 120 analysis cycles in this 
study, especially the analysis of the electromagnetic field analysis steps, took a huge amount of 
time (a total of 54 hours). The constant heat generation inspired the possibility of cutting down 
the computational time. For cylindrical samples in which a relatively constant penetration depth 
with temperature was observed, the effect of rotation could be approximated by analyzing the 
distribution of the electromagnetic filed with the stationary sample and average the heat 
generations of elements on the same horizontal surfaces in the circumference direction at the 
same radius. The computational time could then be shortened by reducing the frequency of heat 
generation updating (electromagnetic field analysis). Heat generation updating frequencies are 
dependent on the changing pace of the microwave’s penetration depth with temperature inside 
the material and the speed of the temperature rise of the sample during heating. All these factors 
are related to the sample’s electrical and physical properties, geometry and size. 
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Here, only the heat generation of the initial time step was need to be analyzed due to the 
constant penetration depth of the microwave. Calculations of heat transfer from the 1st second 
to the 120th second could be continuously carried out using the same initially predicted and 
averaged heat generation data without repeating the electromagnetic field analysis steps. 
Compared with Fig. 3-11, the results that were simulated following this method as given in Fig. 
3-14, were considered to be fairly acceptable in a reasonable computational time (8 hours).  
In contrast, for materials in which the penetration depth of the microwave changes 
significantly with temperature such as material B (instant mashed potato and water only), the 
distributions of heat generation were also considered to change significantly with heating time. 
The temperature dependency of dielectric properties could not be neglected, and 
electromagnetic field should be analyzed and updated with proper frequency depending on the 
influential factors mentioned above. 
Material B, which was cylindrical in shape, was selected, and its heating by a 1000 W 
microwave for 100 s was investigated. The distribution of heat generation inside the sample, 
especially the part at the bottom edge, was observed by comparing the results of the 1st and 
100th seconds as shown in Fig. 3-15. 
As a result, predictions for material B made by the simplified predicting method that 
was used for material A are not consistent with the experimental results as shown in Fig. 3-16.  
The simulated results showed lower temperatures than the experimental results for the initial 
heat generation was used repeatedly without updating. 
As the size of the sample was relatively large and the speed of the temperature increase 
of the sample was relatively slow in this study, we selected an appropriate heat generation 
updating frequency that depended on the heating time instead of the temperature change. The 
proper heat generation updating frequency was studied. The temperature distribution of the 
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simulated results with the heat generation updated every 10 s shown in Fig. 3-17 matched the 
experimental measurements. This simulation contained two analyzing cycles: cycle 1 (steps 3 to 
7) was run to update the heat generation every 10 s, and cycle 2 (steps 4 to a) was repeatedly 
run to solve the heat transfer equation.   
3.3.3 Simulated and experimental results of temperature distribution in the rectangular 
sample A with rotation of the turntable 
For comparison, the temperature distribution of material A, which was rectangular in 
shape, when heated by a 1000 W microwave with the rotation of the turntable for 60 s was also 
investigated. Due to the features and constraints of the rectangular shape, the heat generation 
averaging method that was used in making predictions for the cylindrical sample is not 
applicable to simulate the temperature distribution in the rectangular sample. 
The rotating speed of the turntable was set to be the same as the actual speed used in the 
experiment (30 °∙s-1).  Electromagnetic field and heat transfer analysis were carried out with 
position estimating (steps 3 to 7).  
Objected to reduce the computational time, comparisons have been done to determine 
the best heat generation updating frequency. Temperature predictions based on the heat 
generation that was analyzed and updated every 10°, 30°, 60° and 90° were made. This means 
that with different orientations of the rotating parts, the electromagnetic field, and heat transfer 
have been analyzed 180, 60, 30 and 20 times (analysis cycles) in total to approximate the effect 
of continuous rotation of the turntable during real heating. Finally, 30° was observed to be a 
sufficient interval for the conditions of the samples used in this study as shown in Fig. 3-18.  
Only the temperature distribution on the top surface of the sample was captured during 
the experiment, as the heating time (60 s) was short and the temperatures of the downside 
Chapter 3 Finite Element Modeling of Temperature Distribution in Food Materials during Microwave Heating 
3-19 
 
remained low. Overall, the simulated results show the same temperature distributions on the top 
surface as the actual observed distribution. 
The temperature distribution in the case of the rotating sample shows relatively uniform 
heating compared with the stationary sample shown in Fig. 3-9. However, corner overheating is 
inevitable, and rotation could not help to improve the uniformity along the height of the sample 
either. This phenomenon was also observed by Geedipalli et al. (Geedipalli et al., 2007) when 
they simulated the temperature distributions of food using a microwave oven with the 
waveguide located on the right side wall of the cavity. 
Actually, the computational time required to simulate the temperature distributions 
inside material A could be decreased by running electromagnetic field analysis 12 times (360°) 
with 12 different orientations of the sample, which is similar to the method used by Geedipalli 
et al. (Geedipalli et al., 2007). The temperature distribution could then be simulated within a 
significantly reduced time by repeating heat transfer analysis using these 12 heat generation 
data in turn. As the penetration depth of the microwave in this kind of material is constant in the 
temperature range, the distribution of heat generation during heating in the sample would be 
almost the same as the initial one, as discussed in section 3.3.2. 
For the relatively large sample and the material we used here, only the frequency of 
updating the heat generation was discussed in this study. In fact, various conditions including 
the sample’s size and shape, the speed of the temperature increase, and the temperature 
dependency of the dielectric properties should be considered while determining the heat 
generation updating frequency in order to reduce the computational time. 
3.3.4 Model validation 
Although temperatures distributions was compared in the same colored label above and 
indicated that the predicted results were close to the experimental one, it is difficult to justify 
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the proposed models by comparing measured and predicted temperature distributions only. 
Spatial temperatures inside sample have also been obtained for verifying the prediction 
accuracy of the established model. 
Due to the characteristic of microwave heating, the hot and cold spots or areas inside 
sample during processing were usually investigated and monitored to get a sufficient 
understanding of the heating method that help us in better designing or controlling the heating 
process. Here, five points inside sample at different locations including hot and cold spots (or 
areas) were assigned in a cylindrical mashed potato (1wt % sodium chloride) sample as were 
shown in Fig. 18, and the sample was heated by microwave at the power of 600 W for 150 s. 
The transient temperature profiles were recorded by the temperature measuring system and 
compared with the predicted temperature profiles. Also, the standard deviations for every time 
point (three experimental replications) were plotted in the chart.  
The simulation here used the averaged heat generation method which has already been 
introduced in section 3.2 since the penetration depth of microwave in this kind of material 
shows constant with temperature. All these spatial temperatures of simulation were found to 
closely match the experimental results and therefore the RRMSE (relative root mean square 
error) (%) of each point and the total points were calculated by the Eq. (3-15). 
  nTTTRRMSE n
i
cal 


  
1
2
expexp )(100  (3-15) 
These RRMSE values were given in Table 3-2, where point 2 and 3 were observed to be 
bigger than the others that may possibly attributed to their locations. It is difficult to fix the 
optical probe sensor and let it remain in the same place during heating while turntable rotates, 
especially the locations like point 2 and 3. Besides that, maintaining the same consistent probe 
locations in every replicated experiment also seems to be a challenge and it is still the biggest 
problem in the microwave model validation studies (Pitchai et al., 2012). Although predicted 
Chapter 3 Finite Element Modeling of Temperature Distribution in Food Materials during Microwave Heating 
3-21 
 
temperatures were slightly higher than the experimental result, these values were considered 
fairly good as the coupled electromagnetic and thermal physics model is complex and that it 
does not include moisture migration (Geedipalli et al., 2007). 
3.4 Conclusions 
To predict the temperature distributions of food sample considering the continuous 
rotation of a turntable during microwave heating, a computer model with a new simulation 
approach based on the finite element method was developed.  
The slide interface between rotating and stationary part were specially assigned and 
treated, and the temperatures of both cylindrical and rectangular samples were estimated by 
coupling electromagnetic and heat transfer analysis. During simulation, the heat generations 
were updated with time steps according to sample’s position and spatial temperature dependent 
dielectric properties which were renewed by a node coordinate, spatial temperature and 
dielectric properties updating program. According to various conditions, different methods were 
proposed and optimized to approximate the effect of the rotation of a turntable with the 
minimum computational time.  
Although good agreement was found between the predictions and measurements in this 
study, further development of this model is required. Many physical or chemical changes 
during microwave heating such as convection, evaporation, mass transfer and deformation are 
considered to be taken into account in future studies for the discrepancies between predicted 
and experimental results depend on whether these predictions could be involved. 
The following summarizes the conclusions of this work: 
 For the cylindrical sample, two methods were proposed to simulate the temperature 
distribution with considering continuous rotation during heating. Updating the heat 
generation and the step-by-step analysis of heat transfer according to heating time based on 
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the pre-estimated orientation of the sample was one of the temperature prediction methods. 
Also, we predicted and averaged the heat generation at a determined frequency with a 
stationary sample and continued the analysis of heat transfer, a method that ultimately 
showed the same acceptable results. 
 By performing electromagnetic field analysis at an appropriate frequency with a stationary 
sample and averaging the heat generation using a program, the computational time for 
simulating the temperature distribution in cylindrical samples could be cut down 
significantly. And for materials in which the penetration depth of microwaves remained 
constant with temperature, the electromagnetic field analysis step could even be performed 
only one time as the heat generation also remains constant during heating. 
 Rotation of a rectangular sample or sample of any other shape could be approximated and 
estimated in this model by setting the sample, container and the middle hollow cylindrical 
shaped surrounding air to be a united rotating part. 
 The computational time for rectangular samples could also be cut down by analyzing 
electromagnetic field repeatedly at an optimal degree interval. For material in which the 
penetration depth of the microwaves remains constant with temperature, only the initial 
electromagnetic field analysis steps covering the entire rotation circle (360°) need to be 
carried out.  
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3.5 Nomenclature 
Latin letters 
a, b   length and width of the rectangular waveguide (0.1092 × 0.0546 m) 
B

   magnetic induction (Wb·m-2)  
Cp  specific heat (J·Kg-1K-1) 
D

   electric displacement (C·m-2) 
dp  penetration depth of microwave (m) 
E

  electric field intensity (V·m-1)  
Emax  maximum electric intensity inside waveguide (V·m-1) 
Ex   electric intensity inside waveguide (V·m-1) 
f  frequency of microwave (Hz) 
H

   magnetic field intensity (A·m-1)  
h  edge length of the cubic element 
J

   current flux (A·m-2) 
j  complex number operator 
k  thermal conductivity (W·m-1K-1) 
Pt   transmitted microwave power (W) 
Q  volumetric internal heat generation term (J·s-1m-3) 
T  initial temperature (°C) 
t  heating time (s) 
Tcal  predicted temperature (°C) 
Texp  measured temperature  (°C) 
v   rotating speed of turntable (°·s-1) 
x  the distance of the node from the nearest width side in the waveguide (m) 
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Z0   wave characteristic impedance (Ω) 
Greek letters 
ε   complex permittivity (dimensionless) 
ε0   permittivity of free space (8.85×10-12 F·m-1) 
ε’   dielectric constant (dimensionless) 
ε”  dielectric loss factor (dimensionless) 
λ  microwave length in free space (m) 
λc  cutoff wavelength in the specific waveguide (0.2184 m) 
λg   microwave length in the specific waveguide (0.1479 m) 
μ  magnetic permeability of the material (H·m-1) 
μ0   magnetic permeability of free space (1.256 × 10-6 H·m-1) 
π  Ludonlph’s number (≈ 3.14159) 
ρ   density (kg·m-3) 
ρm  electric volume charge density (A·s·m-3)  
σ   electric conductivity (S·m-1)  
ω   angular frequency (rad·s-1) 
Operators 
∂   partial differential 
   Nabla operator 
   divergence 
   rotation  
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Table 3-1. Summary of material properties and initial conditions used in the model 
Parameter 
Value 
Air 
Container
(Acrylic)
Turntable
(Glass) 
Sample 
Mashed potato 
(Material A) 
Mashed potato (1wt % sodium chloride) 
(Material B) 
Initial temperature (T, °C) 20 
Microwave frequency (f, MHz) 2450 
Input microwave power (P, W) 1000 
Rotating speed of turntable (v, °·s-1) 30 
Heating time (t, s) 120 (Cylindrical sample A), 100 (Cylindrical sample B), 60 (Rectangular sample A) 
Thermal conductivity 1,2,3 (k, W·m-1K-1) 2.50×10-2 1.90×10-1 1.20 6.05×10-1 6.05×10-1 
Density 1,2,3 (ρ, kg·m-3) 1.20 1.20×103 2.23×103 1.04×103 1.05×103 
Specific heat 1,2,3 (Cp, J·kg-1K-1) 1.20×103 1.46×103 9.00×102 4.18×103 4.18×103 
Dielectric constant 4,5 (ε') 1.00 2.00 6.50 -6.40×10-3T2 + 2.00×10-1T+ 5.68×101 -4.80×10-3 T2 + 1.62×10-1 T + 5.28×101 
Dielectric loss 4,5 (ε") 0 1.20×10-3 6.00×10-2 -1.00×10-4T2-1.08×10-1T + 1.61×101 -1.30×10-3 T2 + 5.92×10-2 T + 1.94×101 
 
1 Fraile (1997). 2 Birla (2008). 3 Provided by maker. 4 Hirata (2004, pp. 391). 5 Measured in this study. 
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Table 3-2. Comparison of prediction errors for time-dependent temperature profile at five locations 
Point location 1 2 3 4 5 
RRMSE (%) 3.22 6.96 4.33 2.45 3.82
Total RRMSE (%) 4.45 
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Chapter 4                  
Modeling of Fish Cooking under Microwave Irradiation  
4.1 Introduction 
Fish boiling is a culinary tradition in many areas of USA. It enjoys a particularly strong 
presence in Port Washington and along the Coastal Upper Great Lakes with large Scandinavian 
populations like Door County and Port Wing in Wisconsin state. The meal there most often 
consists of Lake Michigan or Lake Superior whitefish or locally caught salmon, with other 
ingredients. And the fish is typically caught by local fishermen, cut into small chunks and 
cooked in boiling water, while salt is the seasoning used. 
And similarly in Japan, one of their favorite cooking ways is to use Court bouillon as a 
medium for boiling fish (Tanigawa, 2010). Court bouillon, a kind of briefly boiled liquid, is a 
mixture of water, soy source, wine and so on. Usually, fish in block is putted into this liquid and 
was cooked easily by fire for several minutes after boiling with good tasting and flavor. 
So far, only recipes and a few literatures on flesh quality observation could be found in 
English on studying this kind of fish cooking. Guzmán-Guillén et al. (2011), observed a 
reduction of cyanobacterial toxins in fish muscle after boiling and microwaving. Boiling and 
roasting also seems to have more desirable effects on the amino acid content of fish than frying 
(Oluwaniyi et al., 2010). 
Literatures in Japanese on this kind of cooking are mostly found on investigating the 
effect of processing on quality of fish including texture, flavor, fatty acids, or just compared 
with other processing methods (Keiko, 1974; Fujita and Matsuoka, 1983). Shimomura et al. 
(1976) studied the changes of horse mackerel meat caused by Court bouillon cooking. Elution 
of protein into the broth, change of meat hardness was investigated and change of fish meat 
tissue was observed microscopically. Tomioka and Chisaka (1992) investigated the effect of 
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subsidiary materials on the oxidation of lipids in boiled sardine fillets and pointed that the 
mixture of ginger and miso showed a greater preventive effect than that with miso alone. 
Consequently, temperature is recognized as one of the affecting key points in most of 
the existing papers or books concerning thermal fish processing. And, temperature is considered 
as the start point or the basement of the extended studies, for example, investigation and 
prediction of protein denaturation, pasteurization, color changing, moisture migration and the 
other physical and chemical reactions of fish during processing. Therefore, theoretical analysis 
of the temperature during fish cooking process is essential. 
Nowadays, fish could also be processed more efficiently using new technologies due to 
their rapid heating speed and convenience, such as microwave and steam heating (Nakamura et 
al., 2011). Compared with the traditional gas heating source, it was supposed to be much more 
convenient to use microwave for boiling fish with good tasting and flavor for the electricity was 
used as the energy that is available in every house of the modern city. However, investigation of 
the cooking process of fish boiling that using microwave as a heating source could not be found 
in any analytical research. 
Our object in this study is to imitate and investigate this kind of cooking process to boil 
the Atlantic salmon (salmon salar) in salted water solution with microwave as a heating source, 
and develop a mathematical model to predict temperature distributions during processing. The 
electromagnetic field  and heat transfer during cooking will be theoretically analyzed, and based 
on temperature prediction, the lowest temperature is expected to be controlled above 60 °C to 
be ensuring of preventing out health from infections of general bacteria and parasites, and 
inactivate protein-digesting enzymes inside fish flesh (Mcgee, 2004). 
By investigating this kind of cooking method in this study, temperature prediction of 
microwave heating with mixed phases of food materials including convection could be tested 
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and validated. And on the basis of temperature prediction, studies could be continued on 
investigating and predicting the changings of fish materials during thermal processing such as 
color, protein denaturation, pasteurization and sterilization which are mainly caused or affected 
by temperature. 
4.2 Material and method 
4.2.1 Modeling 
4.2.1.1 Solution method 
Two commercial finite methods based software packages, FEMAP (V10.2, Siemens PLM 
Software Inc., Plano, Texas, USA) and PHOTO-Series (V 7.2, PHOTON Co. Ltd., Kyoto, 
Japan), were used for geometry model building and temperature prediction in this study. 
FEMAP was used to build three-dimensional geometric models, while electromagnetic field 
analysis and heat transfer analysis were carried out in PHOTO-Series. The main solution steps 
have been introduced in details in Chapter 3.  
4.2.1.2 Geometric model for liquid sample 
Temperature of both liquid and solid materials during microwave heating is needed to 
be predicted as the cooking style we chose for modeling contains these. In Chapter 3, it has 
been confirmed that temperatures of solid foods during microwave processing could be 
predicted correctly using the model we established. Nevertheness, it should be considered 
differently in modeling temperatures of liquid food as convection happens during heating.  
Convection is caused by buoyancy forces due to density differences caused by 
temperature variations in the fluid. The density change during heating will cause the hot layers 
to rise and be replaced by cooler layers that will also heat and rise. Caused by this phenomenon, 
fluid unlike solid materials, results in an average temperature during and after heating.  
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Therefore, prediction of temperatures of liquid material during microwave heating was 
necessarily tested and validated in the first of this study.  
For an easier validation, the same cylindrical container which was used in predicting 
temperatures of mashed potato in Chapter 3 was also used here to fill with liquid sample (water 
with 1wt % sodium chloride). The thermal conductivity of sample would be tested for selecting 
an appropriate value that is equal to the effect of convection in averaging the whole temperature 
inside the fluid.  This model was named model A. 
4.2.1.3 Geometric model for fish cooking 
Geometry model of fish cooking was built based on the real experimental condition 
which contains a block fish sample, the liquid of ‘soup’, container, turntable and air, and their 
sizes are shown Fig. 4-1. The container used in our fish cooking was the commercially designed 
one for domestic using in microwave oven. This model was named model B. 
4.2.1.4 Principles of building geometric model and input parameters 
As was discussed in the Chapter 3, every material in geometric model has their 
respective mesh size related to the dielectric properties. In our finite element analysis, six cells 
per wavelength of microwave in the material are investigated to be the best for simulating the 
heating process with good accuracy and minimum computational time. 
The specialized mesh size dividing caused disconnections of the nodes on elements 
between different materials. Respects to these disconnections, geometric models were divided 
into many parts while special slide interfaces were assigned to be treated to carry out the 
estimations correctly. As shown in Fig. 4-2, the geometric model of fish cooking was given 
here as an example. 
Rotation is one of important methods explored by researchers to increase the 
temperature uniformity during microwave heating (Geedipalli et al., 2008). In this study, fish is 
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located inside the liquid where convection happens during cooking. The rotation of turn table is 
thus considered to be required in neither the simulation nor experiments during microwave 
heating as the convection happened in both two ocassions which have the effect of averaging 
temperatures equal to the rotation. 
To optimize the computational time as described in Chapter 3, the penetration depths of 
Atlantic salmon and water with 1wt % sodium chloride were firstly calculated and compared. 
Although a change of penetration depth of 0.2 cm could be found in Atlantic salmon and the 
water with 1wt % sodium chloride over the temperature range of 20°C to 100°C in Fig. 4-3, it 
could be neglected during calculating as most of usual foods tend to have penetration depths 
between 0.75 cm and 1.0 cm, which are much bigger than the changes (Buffler, 1992). Thus, 
heat generation of the two models in this study is needed to be estimated for only one time due 
to the feature of the penetration depth of the microwave in these materials. 
Parameters which were used in modeling were given in Table 4-1, and other input 
parameters such as iterations and converge test tolerance were as the same as introduced in 
Chapter 3. The highest temperatures of samples were limited to 100 °C in simulation for 
convection happens which makes the temperature of water solution stay below 100 °C.  
In the simulation of this chapter, the movement of fish block during boiling has not been 
referred as the fish block occupied most of the space compared with water solution. 
4.2.1.5 Electromagnetics 
Maxwell’s equations were applied for estimating electromagnetic field, heat generation 
and heat transfer equations. It has already been explained in Chapter 3 in predicting temperature 
of mashed potato. 
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4.2.1.6 Correction of Magnetron frequency and electromagnetic intensity  
The magnetron output frequency and power depend on the impedance of the heating 
load placed on the turntable. In domestic microwave oven, the impedance mismatch of the load 
leads to reflect some energy back to the magnetron. The reflecting microwave could be 
decreased to the value near zero by adjusting the tuner on wave guide to change the load 
impedance in our microwave heating system. An IEC or IMPI method were suggested for 
measuring absorbed power as was already introduced in Chapter 3 and reproduced in details in 
chapter of appendix (IEC, 1988; IMPI, 1989). 
Reflection of microwave was also considered in our simulation. In Chapter 3, the 
simulated sample load’s absorbed energy was used as the input power of microwave in 
experimental validation. In case of a domestic microwave oven, no tuners on the wave guide 
are available for impedance adjusting, while the reflecting power of simulating is generally 
different from the experiment, other two methods could be applied here for settling power 
absorptions to match each other.  
One method is to adjust the percentage of power absorption in simulation instead of 
experiment. For the depth of microwaves’ resonance changes with the magnetron output 
frequency and usually a typical magnetron operating frequency deviates at about 50 MHz, the 
magnetron input frequency spectrum range of 2400-2500 MHz could be taken into account in 
simulation for attaining higher percentage of power absorption and obtaining precise results 
equal to the effect of tuner adjusting in experiment as indicated in Fig. 4-4 list model A as an 
example. 
 Another method is to correct the input electric filed strength to let the power absorption 
in simulation match the one measured in experiment. It is essential to know the exact 
magnetron power output for providing correct value of electric field strength at the feeding port. 
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The equation for electrical field strength correction was proposed by pitchai et al. (2012) 
shown in Eq. (4-1). 
2
1
2
2 EEPP simulatedMeasured   (4-1)  
The absorbed power (PMeasured) was determined using water in a container following IEC 
or IMPI method, and then the original electrical field strength (E1) could be calculated by Eq. 
(3-13). E1 was subsequently used in the simulation and resulted in the power absorption 
(Psimulated), while the new corrected electric field strength (E2) was finally calculated from the 
Eq. (4-1). 
Certainly, the two method mentioned above are recommended to be used in 
combination if the adjustment of inputting frequency could not solve the problem of power 
reflecting in some complex model. 
4.2.2 Experiment 
4.2.2.1 Measurement of dielectric properties 
Dielectric properties of samples were measured using dielectric constant measuring 
equipment (HP85070B; Hewlett-Packard Corp., Santa Rosa, CA, USA) at various temperatures 
in a chamber with constant temperature and humidity (SH-240; Espec Corp., Osaka). The 
details of the equipment were given by Liu et al (2012). 
4.2.2.2 laboratory microwave heating system 
The laboratory microwave heating system has been introduced in Chapter 3. 
4.2.2.3 Liquid and fish sample preparation 
In this study, water with 1wt % sodium chloride was used as the liquid material in both 
liquid validating model and fish cooking model. 
Farmed Atlantic salmon imported from Chile were obtained from the supermarket. 
Samples were cut and prepared in blocks after thawing and stored in the temperature of 4 °C.  
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Before experiment, all samples were put into the environment of 20 °C for a few hours 
until a homogeneous temperature was monitored by thermal couples. 
4.2.2.4 Temperature history and distribution 
Temperature measuring system (LUXTRON 712; LumaSense Technologies Inc., Santa 
Clara, California) with optical fiber sensor was used to measure and record the temperature 
histories. Temperature distributions of the sample after heating were quickly captured and 
photographed using an infrared thermal camera (TH5104; NEC san-ei Instruments, Tokyo, 
Japan), and was then compared with the simulation results using the same color label. 
4.3 Results and discussions 
4.3.1.1 Influence of convection inside liquid on temperature distribution 
For solid foods, hot spots are usually found inside the sample during microwave heating 
due to the non-uniform distribution of electric field and material’s dielectric properties. In some 
materials, the warmer areas are better able to accept further energy than the colder areas that 
lead to the selective local overheating.  
However, temperature of liquids especially water could be easily averaged during 
heating as the convection happens with temperature increasing.  
Two positions named point 1 and 2 inside water sample as given in Fig. 4-5 were 
appointed for comparing experimental temperature data with simulated ones. Usually, the 
thermal conductivity of free convection of water was recommended as 20-100 (W·m-1K-1) for 
predicting temperatures in conventional heating.  Nevertheless, when 100 (W·m-1K-1) was 
tested in our simulation, the temperature differences between point 1 and 2 which were shown 
in Fig. 4-6 revealed that the value was not big enough to average the temperatures as the 
convection did, for microwave heating has the characteristic called ‘Thermal runaway’.   
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Experimental temperature histories of point 1 were observed to be higher than point 2 
before 120s as a stronger electric field intensity distributed in this location. The same 
temperatures between the two points were observed beyond 45 °C due to the convectional 
effects. The temperature difference of about 4 °C between point 1 and 2 in simulation shown in 
this figure, was thought to be a big error compared to the maximum standard deviation (± 
1.5 °C) of experimental data. Consequently, the recommended value is required to be adjusted. 
Finally, 300 (W·m-1K-1) was observed to be the suitable value for using in our 
simulation, as the good agreement was found in Fig. 4-7. 
4.3.1.2 Spatial temperature profile during fish cooking  
Points at three planes, top, middle and bottom inside salted water and fish were 
appointed respectively for temperature validation as indicated in Fig. 4-8. Spatial simulated 
temperature profiles of the fish and salted water were then compared with experimental results 
as figured in Fig. 4-9. 
Simulated temperature histories of the three points inside salted water were observed to 
be very close to the experimental ones. The same temperature histories of these points, which 
were shown in simulations, indicated that the parameter we set for thermal conductivity acted 
as well as the real convection did even in fish cooking which contains not only liquid but also 
solids which was called the mixed phase. 
However, small differences of temperature histories between these three points were 
found in experiment. The mouth of the wave guide from where microwave entered in was 
located at the upside of the oven. The high dielectric loss factor of the salted water leads to the 
lower penetration depth of microwave in this material which could bring about surface heating. 
Even though the material we used is liquid, inside which convection happens with temperature 
increasing while surface heating was avoided by temperature averaging, the block of fish 
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occupied two-thirds space inside the container which may partially hinder the action of 
convection, that caused the temperature differences between the points on different planes 
though they are very small and could be neglected. Due to these phenomena, temperatures 
increasing speed of the bottom and middle point showed slower than that of top. 
It alert us that attention is need to be paid in the future research that different appropriate 
parameter of heat conductivity should be test in all cases based on various conditions, even if 
convection happens. 
Simulated temperature data of the central point inside fish was found to match the 
experimental profiles very well in Fig. 4-10.  
As the shrinkage of fish flesh during heating may slightly affect heating, the beginning 
of the denaturation of fish flesh from 40 °C was regarded as one of the reasons for experimental 
top point’s faster temperature increasing speed compared with simulated results. Shrinking 
caused the vertical cross section to become thicker which somewhat changed the position of top 
point that shorted the relative distance to solution’s surface. It may shift the top surface of fish 
block to receive better microwave heating from the status of heat exchanging with water only, 
as the penetration depth of microwave in water changes from 0.95 cm to 0.76 cm in the 
temperature range of 20-100 °C.  
In both experiment and simulation, temperature of the point at bottom plane remained 
the lowest during cooking and was ensured to be heated above 60 °C after 600s. In our 
simulation, fish was set to be located on the bottom of the container inside salted water, and 
bottom surface of fish block was isolated from the surrounding salted water during cooking. 
But in experiment, for the bottom of fish block is not a perfect smooth surface and the 
movement of salted water occurred during heating due to the convection, the contact of fish 
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bottom surface with the surrounding salted water inevitably existed. Therefore, simulated 
temperatures of the point at bottom plane showed a slower increasing speed than experiment.  
Temperature distributions on vertical cross section of fish were also compared between 
simulations and experiments. To minimize the temperature decreasing which caused by time 
lapse between end of heating and imaging in experiment, we selected a cooking time of 220s 
when the fish was not heated to an excessive temperature yet and imaged the surface. 
Obviously, temperature distribution of the simulated one has the close match with the imaging 
captured in experiment as Fig. 4-11 shows.  
By viewing temperature files, it was observed that in this kind of fish cooking which 
was called fish boiling, fish was mainly cooked by exchanging heat with water, as the same as 
conventional cooking did. Although microwave, the new heating technology was employed, for 
penetration depth of microwave in the salted water solution is low (0.7-0.5 cm) in the interval 
of cooking temperature (20 to 100 °C), water solution is the major object been heated up which 
explained the relatively uniform heating of fish flesh.  
Investigation on factors which affect heating could be carried out in future studies by 
changing the ingredients and the amount of water solution, the thickness, the shape of fish 
block and the locations or geometry of container, to approach an effective cooking way with 
merits of convenience, energy saving and deliciousness. 
4.4 Conclusion 
We imitated and investigated the traditional way to boil Atlantic salmon (salmon salar) 
in salted water solution, and microwave was used as a heating source instead of conventional 
fire heating. Temperatures of fish sample during cooking have been analyzed and predicted 
theoretically based on analysis of electromagnetic field and heat transfer.  
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The recommended thermal conductivity of free convection of liquid (water) (100 W·m-
1K-1) for predicting temperatures in conventional heating is not suitable in this study due to the 
characteristic of microwave heating, and was adjusted to 300 (W·m-1K-1).  
Good agreements could be found between simulations and experiments, and the lowest 
temperature has been predicted and controlled above 60 °C to prevent out health from 
infections of general bacteria and parasites, and inactivate protein-digesting enzymes inside fish 
flesh. 
In this study, fish was mainly cooked by exchanging heat with water as the same as 
conventional cooking did due to the special cooking way that contains water solution in which 
the penetration depth of microwave is too low to reach the fish. Fish samples resulted in a 
relatively uniform heating through this kind of cooking method although microwave was used 
as the heating source. 
Investigation on factors which affect heating by changing heating conditions could be 
carried out in future studies to approach the better cooking with advantages of convenience, 
energy saving and deliciousness. 
4.5 Nomenclature 
Latin letters 
E  Electric field intensity 
PMeasured Absorbed power by measurement  
PSimulated Absorbed power by simulation 
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Table 4-1 Summary of material properties and initial conditions used in the fish cooking model 
Parameter 
Value 
Air 
Air  
(Inside container
in model B) 
Container
(Acrylic)
Turntable 
(Glass) 
Water 
(1wt % sodium chloride) 
Atlantic salmon 
Initial temperature (T, °C) 20.00 
Microwave frequency (f, MHz) 2450.00 
Input microwave power (P, W) 600.00 
Rotating speed of turntable (v, °·s-1) - 
Heating time (t, s) 300 (water sample), 600 (fish cooking sample) 
Thermal conductivity 1,2,3 (k, W·m-1K-1) 2.50×10-2 25.00 1.90×10-1 1.20 3.00×102 4.71×10-1 
Density 1,2,3 (ρ, kg·m-3) 1.20 1.20 1.20×103 2.23×103 1.00×103 1.05×103 
Specific heat 1,2,3 (Cp, J·kg-1K-1) 1.20×103 1.20×103 1.46×103 9.00×102 4.20×103 3.59×103 
Dielectric constant 4,5 (ε') 1.00 1.00 2.00 6.50 -1.20×10-3T2 + 2.19×10-1T+ 8.08×101 -2.49×10-3T2 + 1.67×10-1T + 4.36×101 
Dielectric loss 4,5 (ε") 0.00 0.00 1.20×10-3 6.00×10-2 -4.00×10-4T2-1.76×10-2T + 2.32×101 -1.16×10-4T2 + 5.29×10-1T + 1.44×101 
1Radhakrishnan (1997). 2 Birla (2008). 3 Provided by maker. 4 Hirata (2004, pp. 391) 5 Measured in this study.
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General conclusion 
Works done in this thesis could be concluded as the followings. 
In chapter 2, the dielectric properties of raw and preheated fish of three different 
species were measured and compared in temperature range of usual cooking at the microwave’s 
frequency. Changes in the dielectric properties of three species fish of both raw and preheated 
samples at two selected frequencies as a function of temperature were described by second 
order polynomial equations. 
DSC analysis was performed to investigate protein denaturation, and the moisture and 
lipid contents of samples at various temperatures and frequencies were also measured to 
investigate their influence on the dielectric properties. Lichtenecker’s formula have been 
applied to estimate the complex dielectric properties of fish flesh and demonstrated that 
moisture content was the most important factor affecting the dielectric properties of fish flesh 
while changes in protein structure during protein denaturation have no direct effect.  
The dielectric constant of the raw samples decreased more sharply with increasing 
temperature than that of the preheated samples due to moisture loss during heating, and 
moisture loss showed a greater effect on the dielectric constant than on the loss factor. 
The penetration depth of the preheated samples were observed to increase more sharply 
with decreasing temperature at the two frequencies (915 and 2450 MHz) than that of the raw 
samples, for which the dielectric imbalance between dipolar and ionic losses caused by 
moisture loss after protein denatured was considered as the reason. 
In chapter 3, a three-dimensional computer geometric model based on the finite 
element method with a new simulation approach was developed. Temperature distributions of 
both cylindrical and rectangular samples with continuous rotation during microwave heating 
were successfully simulated using the same geometric model, and the dielectric properties were 
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updated via a temperature-dielectric property feedback program instead of constant. Good 
agreement was found between the predictions and measurements. 
Several simulating methods were proposed and validated to approximate the effect of 
the rotation of a turntable in relation to different shapes of container.  
For cylindrical sample, one of the temperature prediction methods is to update the 
analysis of heat generation and heat transfer step-by-step according to heating time based on the 
pre-estimated orientation of the sample. Or, predicting and averaging the heat generation at a 
determined frequency with a stationary sample and continued the analysis of heat transfer 
provided us another convenient method. The rotation of a rectangular sample or sample of any 
other shape could be approximated using the model developed in this study if the sample, 
container and the middle hollow cylindrical shaped surrounding air were set as a united rotating 
part. 
The computational time for simulating the temperature distribution in cylindrical 
samples was significantly cut down when the electromagnetic field analysis was performed at 
an appropriate frequency with a stationary sample while the heat generation was averaged using 
a program before heat transfer analysis. And for materials in which the penetration depth of 
microwaves remained constant with temperature, the electromagnetic field analysis step could 
even be performed only one time as the heat generation also remains constant during heating.  
The computational time for rectangular samples could also be decreased by analyzing 
electromagnetic field repeatedly at an optimal degree interval. And for material in which the 
penetration depth of the microwaves remains constant with temperature, only the initial 
electromagnetic field analysis steps covering the entire rotation circle (360°) need to be carried 
out. 
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Finally in chapter 4, we simulated and investigated the temperatures of the Atlantic 
salmon (salmon salar) and salted water solution during boiling, where microwave was used as a 
heating source instead of conventional fire heating.  
A three-dimensional geometric model was built and temperatures of fish sample during 
cooking have been analyzed and predicted theoretically based on analysis of electromagnetic 
field and heat transfer. Good agreements have been found between simulations and experiments, 
and the cold spot has been predicted and controlled above 60 °C to prevent out health from 
infections of general bacteria and parasites, and inactivate protein-digesting enzymes inside fish 
flesh. 
The recommended heat transfer coefficients of free convection of water for predicting 
temperatures in conventional heating was proved to be not suitable for this study due to the 
characteristic of microwave heating. 500 times enlarged heat transfer coefficient was finally 
found to be the appropriate value for applying in temperature prediction of microwave heating. 
By temperature investigation, it was observed that in this model case, fish was mainly 
cooked by exchanging heat with water as the same as conventional cooking did due to the 
special cooking way that contains water solution in which the penetration depth of microwave 
is too low to reach the fish. Fish samples resulted in a relatively uniform heating through this 
kind of cooking method although microwave was used as the heating source. 
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Future plan 
A three-dimensional computer model based on the finite element method with a new 
simulation approach was successfully developed to predict temperature distributions of 
different shapes of samples with continuous rotation during microwave heating, with the 
updating of dielectric properties related to temperatures. On basis of this model, some 
assumptions of future studies summed up in the followings: 
 The methods we proposed in this study for optimizing the computational time depend on the 
dielectric properties of samples were validated by experiment. However, due to the 
relatively big container size and special material we used, changings of heat generation 
during heating were not obviously. Normally, an interesting phenomenon occurs with 
spherical and cylindrical geometries named focusing. For high-dielectric materials, it can be 
demonstrated that the microwaves will be ‘aimed’ or refracted toward the center. The 
focusing effect depends directly on the penetration depth, if the penetration depth is large 
compared with the dimensions of the food, most of the waves progress will get through the 
product without being greatly attenuated. Otherwise, most of energy will be absorbed within 
one penetration depth from the food surface, causing intense heating at the surface but 
leaving the center cold as the results showed in the study of Chapter 3.  
As the focusing occurs when penetration depth is approximately bigger than 0.5 times of the 
food sphere diameter, smaller size of container (diameter of 1.5-4 cm) could be chosen for 
investigating the significant changes of temperature distribution of materials in which 
penetration depth changes with temperature obviously, through which the hypothesis 
proposed in this study and the methods applied in the simulation could be verified more 
intuitively. 
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 Most of the microwave modeling research did not focus on optimizing the simulation 
parameters and describe the selection of the model parameters. Solving the electromagnetic 
equations require proper values of electromagnetic parameters such as frequency and 
electric field strength. And it is critical to develop a computer model that reduces 
susceptibility to numerical errors arising from poor discretization in estimation. Factors 
including mesh size, interface assignment in geometric model, iterations setting, time steps 
and electric field strength in simulation approach are directly or indirectly affect the analysis 
of electromagnetic field and heat transfer, studies on geometric model building should be 
continued although it is a complicated work. Also, for solving the model in which the 
position or shape of the domain changes with time, other methods also exist, such as 
dynamic mesh update method. It is meaningful to introduce and compare these mesh motion 
methods in future studies. And in simulation, many physical or chemical changes during 
microwave heating such as evaporation, mass transfer and deformation of sample should be 
taken into account in future studies for the discrepancies between predicted and 
experimental results depend on whether these predictions could be involved. 
 A new designed microwave oven without turntable but a rotating waveguide at the 
downside has been spread in the market recently.  Be relief from the space constraint, 
greater volume of food could be located inside this kind of microwave oven. As the method 
we developed in this study for temperature prediction is also applicable for this heating style, 
it is suggested to be carried out for investigation in future studies. 
 In this study, we imitated and investigated the traditional fish cooking way called fish 
boiling. Atlantic salmon (salmon salar) in salted water solution using microwave as a 
heating source was boiled and the temperatures during cooking was successfully predicted. 
Therefore, studies on fish materials during processing such as color changing, protein 
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denaturation and sterilization could be continued in future works based on temperature 
prediction. 
 In Chapter 2, we investigated the dielectric properties of both raw and preheated fish flesh 
samples, for microwave is used not only for heating but also for reheating. Reheating 
occupies a high percent of the usage of microwave in people’s daily life. So far, no 
literatures on modeling and investigating temperatures during reheating. Actually, dielectric 
properties of some material may change notably after pre-heating/pre-cooking which could 
result in a very different heating characteristic toward microwave from the raw one. 
Investigation on temperatures of pre-cooked samples during reheating is demanded for 
better understanding and could help in guiding the designing of microwave reheating 
capable food. 
 It is well known that the composition and muscle structure (texture) within a fish flesh vary 
along the length and from the anterior to the tail. And, they vary considerably between 
species, and with size, gender, sexual maturity and fecundity, deeding conditions, time of 
year, water temperature, and salinity, and the other factors like the freshness of the fish after 
storage and whether the fish is the cultured or wild one. These differences which may also 
have the effect on the temperatures of fish during cooking could lead the cooking into a 
completely different result beyond our imagination. Investigations and discussions on this 
topic should be carried out in future studies. 
 
 vii 
 
Acknowledgement 
First and foremost, I would like to express my deepest gratitude to Ministry of 
Education, Culture, Sports, Science and Technology of the Japanese Government (MEXT), 
who granted me the Monbukagakusho scholarship as the financial assistance, and Tokyo 
University of Marine Science and Technology, who provided me the best environment for 
living, study and research, and NISSIN SEIFUN Group Incorporation, who financially 
supported the research project. The precious opportunity which was provided by the three 
institutions for me to continue further studies in Japan played an essential role in helping me 
making the dream of getting the Ph.D. come true. 
Prof. Noboru Sakai, Laboratory of food thermal processing, Tokyo University of Marine 
Science and Technology, as the supervisor of mine through the three memorable years, afforded 
me the excellent guidance not only in research and studies but also in various important 
occasions in usual life. Prof. Yu-dong Cheng, headmaster of Shanghai Ocean University, my 
former adviser, taught me a lot of basic knowledge in science and trained me with the rigorous 
research ideas. I am deeply indebted to them and wish to express my sincere gratitude to them. 
I gratefully acknowledge of the valuable discussions from Prof. Mika Fukuoka, 
Laboratory of food thermal processing, Tokyo University of Marine Science and Technology, 
who also gave me great help in technical support, spirit support and encouragement.  
And, I am also grateful to all the members of Laboratory of food thermal processing and 
the stuffs in Tokyo University of Marine Science and Technology for their friendliness and 
general support. 
Thanks also due to my wife Zhujie Xu, who accompanied by my side, supplied me the 
cares, understanding and brought me happiness all the time during these years. The last, allow 
me to express my great appreciation to my parents who always being behind me with 
encouragement and comprehensive support. These precious memories will always accompany 
me in the rest of my life.  
 viii 
 
List of publications and presentations 
Publication  
Referred publiscation 
- Liu, S., Fukuoka, M., & Sakai, N. (2010). Temperature distribution analysis of solid food 
model heating in microwave oven. Proceeding of the 9th Asian Thermo-physical Properties 
Conference (Ref. No. 109105), October, 2010.  
- Liu, S., Fukuoka, M., & Sakai, N. (2011). Finite element modelling of fish cooking by 
microwave. Proceeding of the 11th International Congress on Engineering and Food 
(ICEF11) (Ref. No. AFT299), May, 2011. 
- Liu, S., Fukuoka, M., & Sakai, N. (2012). Dielectric properties of fish flesh at microwave 
frequency. Food Science and Technology Research, 18 (2), 157-166. 
Unreferred publication 
- Liu, S., Fukuoka, M., & Sakai, N. (2010). Temperature distribution analysis of solid food 
model heating in microwave oven. Proceeding of The 42th autumn meeting of the society of 
chemical Engineers, Japan (O201), September, 2010. 
- Liu, S., Fukuoka, M., & Sakai, N. (2011). Simulation of cooking fish under microwave 
irradiation. Proceeding of The 43th autumn meeting of the society of chemical Engineers, 
Japan (O305), September, 2011. 
- Liu, S., Fukuoka, M., & Sakai, N. (2012). Modeling of temperature distribution in rotating 
food during microwave heating. Proceeding of The 44th autumn meeting of the society of 
chemical Engineers, Japan, September, 2011. 
Preparing publication 
- Liu, S., Fukuoka, M., & Sakai, N. Finite Element Model for Simulating Temperature 
Distributions in Rotating Food during Microwave Heating. Journal of food engineering, 
submitted in May, 2012. 
List of publications and presentations 
ix 
 
Presentation 
Oral Presentation 
- Liu, S., Fukuoka, M., & Sakai, N. (2010). Temperature distribution analysis of solid food 
model heating in microwave oven. Presented at the 9th Asian Thermo-physical Properties 
Conference, 19-22 October 2010, Beijing, China.  
- Liu, S., Fukuoka, M., & Sakai, N. (2010). Temperature distribution analysis of solid food 
model heating in microwave oven. Presented at the 42th autumn meeting of the society of 
chemical Engineers, 6-8 September 2010, Kyoto, Japan. 
- Liu, S., Fukuoka, M., & Sakai, N. (2011). Finite element modelling of fish cooking by 
microwave. Presented at the 11th International Congress on Engineering and Food 
(ICEF11), 22-26 May 2011, Athens, Greece. 
- Liu, S., Fukuoka, M., & Sakai, N. (2011). Simulation of cooking fish under microwave 
irradiation. Presented at the 43th autumn meeting of the society of chemical Engineers, 14-
16 September 2011, Nagoya, Japan. 
- Liu, S., Fukuoka, M., & Sakai, N. (2012). Modeling of temperature distribution in rotating 
food during microwave heating. Presented at the 44th autumn meeting of the society of 
chemical Engineers, 19-21September 2012, Sendai, Japan. 
Poster presentation 
- Liu, S., Fukuoka, M., & Sakai, N. (2010). Temperature distribution analysis of solid food 
model heating in microwave oven. Presented at the 9th Asian Thermo-physical Properties 
Conference, 19-22 October 2010, Beijing, China.  
 x 
 
Appendix of Methods 
Microwave Power Measurement Test Procedures 
IMPI 2-Liter Test 
Adapted from Buffler, C. 1991. A guideline for power output measurement of consumer 
microwave ovens. Microwave world. 10 (5): 15. 
 Operate the oven at its rated line voltage with oven set on high with a load of 2000 ± 5 
g placed in two 1-L beakers such as Pyrex 1000 or Kimax 1400. The beakers should initially be 
at room ambient temperature. Initial water temperature should be 20 °C ± 2 °C, measured after 
water is placed in beakers and before placing in the microwave oven. The beakers are placed in 
the center of the oven, side by side in the width dimension of the cavity, and touching each 
other. The oven is turned on for 2 min and 2 s. the beakers are removed from the oven, and the 
final temperatures are measured and recorded. 
The power is calculated from the following formula: 
)2/)()((70)( 21 CTCTWP   
Where, ΔT1 and ΔT2 are the temperature rises of the water in the two beakers, calculated 
by subtracting the initial water temperature from the final temperature. 
The power measurement should be run three times, with the oven power the average of 
the three readings. If any individual measurement is more than 5% from the average, the 
complete test should be repeated. 
Note: The oven should be pre-warmed by heating 2L of water for 5 minutes, then 
wiping the shelf with a cold wet rag. 
The water in each vessel should be well stirred before measuring the starting and final 
temperatures. A small object, such as a plastic spoon or the handle of a wooden spoon, should 
be used. Do not use metal! The temperature should be measured with a thermometer or 
Appendix 
xi 
 
thermocouple with 0.1 °C resolution. Such instruments may be obtained from chemical supply 
houses. 
IEC Test 
Adapted from Methods for Measuring the Performance of Microwave Ovens for 
Household and Similar Purpose, 2nd ed. CEI IEC 705. Geneva, Switzerland: Bureau Central de 
la Commission Electrotechnique Internationale. 
Operate the oven at its rated line voltage with oven set in high with a load of 1000 ± 5 g 
placed in a 190-mm-diameter, 1 L vessel such as a Pyrex 190×100 #3140 crystallizing dish. 
The vessel should initially be at room ambient temperature. Initial water temperature should be 
10 °C ± 2 °C, measured immediately before the water is placed in the vessel and before placing 
in the microwave oven. The vessel is then placed in the center of the oven. 
By trial and error, the time t, in seconds, required to raise the temperature of the water 
10 °C ± 2 °C is determined. (Repeated trials may be required. Approximately 1 min may be 
required for a 700-W oven.) The water should be well stirred before measuring the starting and 
final temperature. A small object, such as a plastic spoon or the handle of a wooden spoon, 
should be used. Do not use the metal! The temperature should be measured with a thermometer 
or thermocouple with 0.1 °C resolution. Such instruments may be obtained from chemical 
supply houses. 
The power is calculated from the formula: 
)(/))(4187()( stCTWP   
Where, ΔT is the temperature rise of the water in the vessel, calculated by subtracting 
the initial water temperature from the final temperature. 
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The power measurement should be run three times, with the oven power the average of 
the three readings. If any individual measurement is more than 5% from the average, the 
complete test should be repeated. 
Consumer One-Cup Test 
Adapted from buffler, C. 1991. Standards committee report. Microwave World. 12 (4): 
10. 
This practical test is designed to use a one-cup (U. S.), 237-milliliter measure. 
From a container of half ice and half water, measure exactly one cup of water (no ice) 
into a glass measuring cup. Place in center of microwave oven shelf. Heat on high for 5 min or 
until water begins to boil. If water begins to boil in less than 3.5 min, consider your oven high 
power; if longer, the oven is low power. 
Note: For a full explanation of the details of each test, refer to the cited references. 
